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Summary
E arly  m e ta llo g rap h ic  s tu d ie s  o f  th e  defo rm ation  o f h .c .p .  m eta ls  were 
confined  to  cadmium and z in c . Ifore re c e n tly  magnesium, ti ta n iu m , zirconium  
and "beryllium have been  re q u ire d  f o r  th e  n u c lea r and a i r c r a f t  in d u s t r ie s  
and t h i s  has le d  to  in c reased  demand f o r  a more fundam ental u n d e rs tan d in g  
• o f  th e  p l a s t i c  defo rm ation  in  h . c .p .  m e ta ls .
These m eta ls  d i f f e r  in  two im portan t r e s p e c ts  from th e  cu b ic  m e ta ls . 
F i r s t l y  only  th re e  cop lanar sh ea r v e c to rs  a re  norm ally a v a ila b le  f o r  s l i p  
and secondly  m echanical tw inning  i s  a dominant deform ation  mode.
The r e s u l t s  o f  a met a llo g ra p h !  c s tu d y  o f  deform ation  i n  h . c .p .  m e ta ls  
i s  p re sen ted  in  t h i s  th e s i s .  P a r t i c u la r  a t t e n t io n  has been p a id  to  th e  
behav iou r of defo rm ation  tw in s , because th e re  i s  a d e a r th  o f  in fo rm a tio n  on 
t h i s  a sp ec t i n  th e  l i t e r a t u r e .
The th e s i s  may be d iv id ed  rough ly  in to  fo u r p a rts .-  I n  th e  f i r s t  p a r t  
th e  c ry s ta llo g ra p h y  and d efo rm atio n  modes in  h .c .p .m e ta ls  i s  rev iew ed .
C e rta in  e r ro r s  and confusions in  th e  l i t e r a t u r e  a re  d iscu ssed  and where 
a p p ro p r ia te , p a r t i c u la r  emphasis i s  p laced  on magnesium and ti ta n iu m , s in c e  
th e y  a re  ty p ic a l  o f th e  te c h n o lo g ic a lly  im portan t h .c .p .  m e ta ls .
The second p a r t  d e sc rib e s  th e  behav iour o f tw ins in  th e se  m e ta ls . I t  
i s  shown th a t  tw in  grow th a n d .c o n tra c t io n  d i f f e r s  from th e  id e a l  d e p ic ted  
by c ry s ta l lo g ra p h !c  m o d e ls 'o f tw in n in g . The th i r d  p a r t  i s  concerned w ith  
th e  e f f e c t  o f c y c lic  s t r e s s e s .  The f i r s t  evidence f o r  s l i p  band e x tru s io n s  
in  fa tig u e d  h .c .p .  m eta ls  i s  p re se n te d . The d i s t r ib u t io n  o f th e  e x tru s io n s  
i s  r e la te d  to  th e  d is lo c a t io n  s t r u c tu r e  observed and th e  r e s u l t s  a re  compared 
w ith  th o se  ob ta in ed  in  cub ic  m e ta ls . The frag m en ta tio n  o f tw ins u n d e r 
c y c lic  s t r e s s e s  and fa t ig u e  c rack  n u c le a tio n  a t  tw in  boundaries  i s  a ls o  
dem onstrated .
F in a l ly  th e  ro le  o f  tw inn ing  in  th e  defo rm ation  o f h .c .p .  m e ta ls  i s  
co n sid e red . A Schmid fa c to r  c r i t e r io n  i s  used  to  compare th e  ease  o f  s l i p  
b e fo re  and a f t e r  tw inning  on {1012} and {1121.} system s. B asa l and prism  
s l i p  system s a re  considered  in  p a re n t and tw inned c r y s ta l .  I t  i s  found 
t h a t  p r e - e x is t in g  {1012} tw ins g r e a t ly  enhance p rism  s l i p  compared w ith  
b a s a l ,  w hile  {1121 } tw ins a ls o  fav o u r b a sa l s l i p .  When d is lo c a t io n  tw in  
in te r a c t io n s  a re  considered  however, < c + a > s l ip  can be n u c lea ted  more r e a d i ly  
by {10T2} tw ins when prism  s l i p  o c cu rs . S im ila r ly  fo r  {1121} tv /in n in g , on ly
prism  s l i p  can g iv e  r i s e  to  < c+a> s l i p .  These r e s u l t s  may e x p la in  th e
re la t io n s h ip  betw een d u c t i l i t y  and s l i p  and tw inn ing  modes in  h .c .p * . m e ta ls .
Acknowl edgements
T his work was c a r r ie d  ou t in  th e  fa t ig u e  s e c t io n  o f  th e  M a te r ia ls  
D epartm ent, Royal A irc r a f t  E s tab lish m en t, Earnborough. The re s e a rc h  
would not have continued  w ithou t th e  support o f Mr. P .J .E .  E o rsy th , who 
a lo n e  was re sp o n s ib le  f o r  i n i t i a t i n g  such  w o rk 'in  the. M a te r ia ls  D epartm ent. 
The au th o r i s  th e re fo re  g re a t ly  in d eb ted  to  him f o r  h is  h e lp .
T hanks.are  due a lso  to  th e  R.A.E. Management fo r  pe rm issio n  to  
c o lla b o ra te  w ith  th e  U n iv e rs ity  o f S u rrey  and f o r  su p p o rtin g  v i s i t s  to  
th e  U.S.A. and C zechoslovakia to  a tte n d  conferences and g iv e  le c tu r e s  on 
th e  s u b je c t o f  t h i s  t h e s i s .
The c o l la b o ra t io n  betw een Government R esearch E stab lish m en ts  and 
U n iv e rs i t ie s  depends e n t i r e ly  on th e  in d iv id u a ls  in v o lv ed . The au th o r
, ' r.
and R.A.E. have th e re fo re  been  p a r t i c u la r ly  fo r tu n a te  in  hav ing  
Dr. A. G. Crocker as  U n iv e rs ity  t u t o r .  The au th o r has b e n e f i te d  g r e a t ly '  
from h is  en thusiasm , h is  knowledge and h is  tim e g iv e n  during  th e  p e rio d  o f 
t h i s  c o lla b o ra t io n .
Thanks a re  due a lso  to  Mr. R . W. G ard iner fo r  h is  h e lp  w ith  th e
work d esc rib ed  i n  Appendix I  and Mr. C. J .  P e e l fo r  h is  a s s is ta n c e  in
p lo t t in g  th e  curves in  Chapters 5 and 6 .
• The au th o r would a lso  l i k e  to  express h is  a p p re c ia tio n  to  P ro fe sso r
P . P . H irsch  and D r. R. L . S e g a l l .  The s k i l l s  and p a tie n c e  shown to  th e
au th o r w h ils t  a t  Cambridge have been  a source  o f  in s p i r a t io n  in  h is  
subsequent re s e a rc h .
F in a l ly  I  would l ik e  to  exp ress  my g r a t i tu d e  to  my w ife . Much o f 
th e  work fo r  t h i s  th e s i s  was n e c e s s a r i ly  done o u ts id e  normal working hours 
and w ithou t h e r immense h e lp  and encouragement t h i s  th e s i s  must have 
rem ained u n w ritte n .
P ag e
Summary 3
Acknowledgements 4
Chapter 1 Review; The C ry s ta llo g rap h y  and D eform ation Modes o f
Hexagonal Close Packed M etals 9
!1 1 C ry s ta l S tru c tu re  • , 9
1. D ire c t L a t t ic e  ' 9
2 . R ec ip ro ca l L a t t i c e  11
I I  C ry s ta llo g ra p h ic  In d ic e s  12
• 1 . In d ic e s  o f  D ire c tio n s  12
2 . In d ic e s  o f P la n e s  12
3 . S te reo g rap h ic  P ro je c tio n  13
• I I I  C ry s ta l P lanes and Spacings . 14
IV C ry s ta llo g rap h y  o f  Twinning in  H .C .P. M etals 14
< 1 . Shape Change Produced hy Twinning . 15
2 . S te reo g rap h ic  P ro je c t io n  o f  Twin P o les  16
nV..; D is lo c a tio n s  in  H.C.Po M etals 17
VI E le c tro n  D if f r a c t io n  *by H .C.P. M eta ls  21
1. D if f ra c t io n  P a t te rn s  21
2 . I d e n t i f i c a t io n  o f Twin Spots in  D if f r a c t io n  P a t te rn s  21
3 . D eterm ination  o f  B urgers V ectors o f D is lo c a tio n s  22
V II D eform ation Modes 23
/  1 . S l ip  Modes , 24
2 . Twinning Modes 26
V III. F a c to rs  A ffe c tin g  th e  D eform ation Modes 27.
1 . Von M ises C r i te r io n  27
2 . Schmid F a c to r  ' 28
3 . C r i t i c a l  R esolved Shear S t r e s s  ( c . r . s . s . )  29
4 . Tem perature Dependence o f  th e  C r i t i c a l  R esolved 29
Shear S tr e s s
IX C onclusions 30
C hapter 2 M ic ro s tru c tu re  o f Magnesium and T itanium  Deformed
in  Tension 31
2 .1  Magnesium 31
2 .2  T itanium  33
-  5  -
Chapter 3
Chapter 4
««»
Chapter 5
I r r e g u la r  Twin Growth and C o n trac tio n  . 45
3.1 Twin Growth 47
3*2 h v ia  C o n trac tio n  47
3*3 Behaviour o f -Incoherent. Twin I n te r f a c e s  52
>
3 .4  E f fe c t  o f S u rface  O xidation  on Twin Growth 55
3.5  D iscussion - 59
E ffec t o f Cyclic S tre sse s  on the M icrostructu re  of
H .C .P. M etals 63
4*1 P rev ious O bservations on F atigued  C ry s ta l l in e  S o lid s  53
4*2 S l ip  Band E x tru s io n  in  Annealed M etals 66
4*3 S l ip  Band E x tru s io n  A fte r  Untwinning 71
4*4 D iscussion  77
4*4*1 S lip  Band E x tru s io n  Model 75
4*4*2 S lip  Band E x tru s io n  in  H .C .P. M etals 83
4*5 C yclic  Twinning 85
4*5*1 Form ation o f M icrokink B oundaries 85
4*5*2 Twin F ragm enta tion  88
4*5*3 Twin I n te r f a c e  Damage * 92
4 . 5 .4  F a tig u e  F ra c tu re  '98
4*6 D iscu ssio n  103
R ole o f  f10T2UT011 > Twinning in  th e  D eform ation o f 
H .C .P. M etals 1'11
5.1 Resolved Shear S tre ss  Factors fo r  S lip  and Tfrinning 111
5 .2  Method Adopted f o r  D escrib ing  Schmid F a c to r Curves 113
5*3 11012] <T011> Twinning 113
5 . 3*1 C ry s ta llo g rap h y  o f  Twinning . 113
5*3.2 Schmid F a c to rs  fo r  Twinning 116
5 .4  S l ip  Systems 120
‘ 5.4*1 Schmid F a c to rs  fo r .B a s a l  S l ip  i n  P a re n t and
Twin 120
5 . 4 .2  R e la tiv e  Schmid F ac to rs  fo r  B asa l S l ip  in
P a ren t and Twin 125
5*4*2.1 R a tio  o f  Maximum Schmid F a c to rs  125
5 . 4 .2 .2  R a tio s  o f  Schmid F ac to rs  f o r  Type ( 1 )
D is lo c a tio n s  i n  P a re n t and Twin 125
' . 5-4*3 Schmid F a c to rs  fox Pxism S lip  in  P a ren t
and Twin 25
5*4*4 R e la tiv e  Schmid F a c to rs  fo r  Prism  S lip  i n
P a re n t and Twin * 128
5 . 4 .4*1, R a tio  o f Maximum Schmid F a c to rs  128
5 .4*4-2 R a tio  o f Schmid F a c to rs  fo r
Type (1) D is lo c a tio n s  in  P a ren t 
and Twin , 128
5 . 5 . D iscu ssio n  . 128
5 .5 .1  R e la tiv e  S lip  in  P r e - e x is t in g  Twins 134
5*5*2 R e la tiv e  S lip  in  Growing Twins 137
5*5*3 Twin B oundaries as O bstac les  to  S lip  139
5*6 Summary ’ 141
5*7 S lip  P lanes f o r  Transformed D is lo c a tio n s  141
5 .8  Schmid F ac to rs  f o r  S lip  in  <1123 > D ire c tio n s  in
Twinned C ry s ta l 142
5 .8 .1  {1010]<1213 > S lip  Systems 142
5 .8 .2  {1212]<1213 > S lip  Systems \ 145
5*8.3 Prism  to  Pyram idal S l ip  <1123> D ire c tio n s  148
5*9 S lip  T races in  P a ren t and Twin 148
5-10 Summary ; 150
C hapter 6 The Role o f f l1 2 ll  Tv/inning in  th e  D eform ation o f
H .C .P. M etals 152
6.1 Resolved Shear S tr e s s  F ac to rs  f o r  S l ip  and
Twinning ■'[52
6 .2  f 1121] <Tf2 6 > Twinning 153
6 .2 .1  C ry s ta llo g rap h y  o f Twinning 153
6 .2 .2  Schmid F a c to rs  fo r  Twinning 153
6 .3  S lip  Systems * . 158
6 . 3 .1 Schmid F a c to rs  fo r  B asa l S l ip  i n  P a re n t and
Twin 158
6 .3 .2  R a tio  o f Maximum Schmid F a c to rs  fo r  B asa l
S lip  i n  P a re n t and Twin 158
6 .3 .3  Schmid F a c to rs  fo r  P rism  S lip  i n  P a re n t and
Twin 163
6 . 3 .4  R a tio  o f Maximum Schmid F a c to rs  f o r  P rism
' S lip  in  P a re n t and Twin . . 1 6 3
-  7  “ :
, Page
6*4 D iscu ssio n  -J53
6*4*1 R e la tiv e  S lip  in  P r e - e x is t in g  Twins 171
6*4*2 R e la tiv e  S lip  in  Growing Tv/ins 171
6*4*3 Twin B oundaries as O b stac les  to  S lip  173
6*5 Summary . . -j73
6*6 S l ip  P lanes fo r  Transform ed D is lo c a tio n s  174
6 .6 .1  B asal S lip  in  P a ren t 174
6 .6 .2  Prism  S lip  in  P a ren t 174
6 .7  R e la tiv e  Schmid F a c to rs  in  P a ren t and Twin
A fte r  T ransform ation  o f B urgers V ectors 179
6 . 7 . I  B asa l S l ip  in  <1120> D ire c tio n s  179
6.7*2 Prism  S lip  i n  <1120> D ire c tio n s  179
6 . 7 .3  [T2T2] <1213 > S lip  ' 180
6 .8  S l ip  Traces in  P a re n t and Twin • 186
6 .9  Summary 186
~ C hapter 7 D iscu ssio n  189
7*1 P a tig u e  Damage i n  H .C .P. M etals I 89
7*1 *1 S lip  Band E x tru sio n s  ' 189
7*1*2 C yclic  Twinning 191
7*1*3 S tack ing  F a u lts  A ssoc ia ted  w ith- 198
D eform ation Twins 
7*2 D u c t i l i ty  o f H .C .P . M etals . 201
7 .3  F u tu re  Work 203
C hapter 8 C onclusion 206
Appendix 1 P re p a ra tio n  o f Thin F o i l s  o f T itan ium  fo r  T ransm ission
E le c tro n  M icroscopy 208
A .1.1 In tro d u c tio n  208
A .1 .2  Experim ental Technique 208
A .1 .3  R esu lts  211
.. •: Appendix 2 I d e n t i f i c a t io n  o f  Twin Spots in  E le c tro n  D if f r a c t io n
P a t te rn s  from H . C . P o  M etals 213
A .2.1 C ry sta llo g rap h y  o f  Twinning 213
A .2 .2  G eneral Case 213
A .2 .3  P a ren t S urface  O rien ted  P a r a l l e l  to  B asa l P lan e  216
A .2 .4  S p ec ia l Gases 217
A .2 .5  I d e n t i f i c a t io n  o f  Unknown Twin i n  T itan ium  217
A .2 .6  Summary . -. 220
R eferences 223
- 8  -
REVIEW 118
by P. G. Partridge
The crystallography and defor­
mation modes of hexagonal 
close-packed metals
T h e  e x t e n s i v e  d a t a  on the metallography and crystal­
lography of face-centred cubic and body-centred 
cubic metals have been the subject of several reviews 
in recent years, but in comparison the data for hexa­
gonal close-packed metals remain dispersed in the 
literature. This is unfortunate, since the h.c.p. structure 
presents a number of confusing features not encountered 
in cubic structures. W ith the increasing technological 
application of h.c.p. metals, there does appear to be a 
need for a summary of the structure of these metals, 
with particular emphasis on the fundamentals of 
plastic deformation. I t  was considered appropriate 
in this review to mention electron diffraction and 
dislocation image contrast in thin foils of hexagonal 
metals, as future research on these materials will un­
doubtedly make use of the transmission electron- 
microscopy technique.
The paper is divided roughly into two parts. In  the 
first part the crystallography of h.c.p. metals is des­
cribed. The position of the atoms in the h.c.p. structure 
is illustrated and the locations of first, second, and third 
nearest-neighbour atoms are identified: a comparison 
is made between the interstitial positions in the h.c.p. 
and f.c .C . lattices. The reciprocal lattice is then intro­
duced and used later in the discussion on electron 
diffraction. The choice of axes to define the indices 
o f  directions and planes is described. The Miller and 
Miller-Bravais notation is discussed in detail and the 
types of crystal planes and their spacings are examined.
In  the second part the information in the preceding 
paragraphs is used to define the dislocations in hexagonal 
metals. The conditions necessary for electron diffraction 
from h.c.p. structures are then established and the data
P. G. Partridge, A.I.M., A.Inst.P., is in the Materials Department, 
Royal Aircraft Establishment, Farnborough, Hants.
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required for the determination of dislocation Burgers 
vectors in thin films are presented.
Finally, factors affecting the selection of a deformation 
mode and the rate-controlling processes during slip are 
described. The experimental observations of slip and 
twinning in magnesium and titanium are considered 
in detail, for these metals show many of the features 
characteristic of hexagonal metals, as well as being 
of some technological importance.
I. Crystal structure
1. Direct lattice
The atoms of a crystal are situated a t the points of the 
direct lattice. In  a lattice, each lattice point has identical 
surroundings and the locations of these points can be 
described by a primitive unit cell in which the lattice 
points lie only a t the corners. The primitive hexagonal 
unit cell (heavy lines in Fig. I) 1 has axes a2 =  a 2 #  c  
and corresponding angles a =  (3 =  90°, y =  120°.
120
1 Hexagonal prism.
169
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The hexagonal symmetry in this lattice is usually 
illustrated by means of the hexagonal prism (full lines 
in Fig. 1). This prism contains three primitive unit 
cells in different orientations; it is not a true cell, as 
repetition in three dimensions of a hexagonal prism 
will not build up a hexagonal lattice. The full and 
broken lines in Fig. 1 compose 4 unit cells.
The atom positions in the hexagonal close-packed 
structure are shown in Fig. 2 and 3 : the atoms are 
situated at the lattice points and a t coordinates f  ^ or, 
alternatively, ^ The surroundings of the interior
atoms are different from the atoms at the corners and 
so the atom positions in this example do not constitute 
a^space lattice. The actual space lattice remains hexa­
gonal, however, with two atoms associated with each 
lattice point, e.g. at coordinates 000, § ^ This arrange-
A LAYER
B LAYERC
A LAYER
a, a-
2 Hexagonal close-packed structure.
/ O I O
02
3 Atom positions in h.c.p. structure. Top Spacial distribution; 
Bottom  Basal plane projection.
•  a to m s in A layer; O  a to m s in B  layer
170
Table I. Lattice parameters and melting points of 
som e h.c.p. metals
Metal a, A c, A c/a
(room temp.)
Melting
point,
°C
Trt/T mp
Cd 2-972 5-605 1 -8859 321 0-46
Zn 2-659 4-936 1 -8563 419 03 9
— — — 1-633 — —
Co 2-502 4-061 1-623 1478 0-16
Mg 3-203 5-200 1-623 650 0-30
Re 2-760 4-458 1-615 3150 0-08
Zr 3-231 5-147 1-593 1860 0-13
Ti 2-950 4-683 1-5873 1800 0-13
Hf 3-194 5-051 1-581 2220 0-12
Be 2-281 3-576 1 -5680 1300 0-17
ment is known as a double lattice structure and has 2 
atoms in the primitive unit cell.2-4 O ther metallic 
double-lattice structures are antimony, arsenic, bis­
muth (all rhombohedral), and [3-tin (tetragonal).
I f  atoms are assumed to be hard spheres, the closest 
packing in a plane produces a series of regular hexagons. 
The stacking of close-packed planes of atoms one upon 
another can produce a f.c.c. crystal structure when the 
stacking sequence is a b c a b c  . . . and a hexagonal 
structure when the stacking is a b a b  (Fig. 2). In  an 
ideal close-packed structure the coordination number 
(i.e. the number of nearest-neighbour atoms) for both
f.c.c. and h.c.p. is 12. The shortest distances between 
atom centres along the a x and a 2 axes is usually taken 
as a and along the c-axis as c (Fig. 2). The dimensions 
of the structure in terms of the lattice parameters5 are 
shown in Fig. 2 : it follows that the axial ratio y =  
c/a =  y / 8/3 =  1-633.
No pure metal has this ideal c/a ratio, although 
cobalt and magnesium are very near (Table I ) ; recently 
hexagonal intermetallic phases having the ideal c/a 
ratio have been produced.6 In  the pure metals, cad­
mium and zinc (c/a >  1-633) have 6 nearest neighbours 
in the basal plane and 3 nearest neighbours above and 
below the basal plane a t slightly greater distances; the 
other metals {c/a <  1-633) have the 3 atoms above and 
below at slightly closer distances than those in the 
basal plane.4*7
An atom and its 6 nearest neighbours in the basal 
plane are at distances a apart along the six <1120> 
directions, while_the remaining 6 atoms are a t distances 
a{4 +  3yz) i/2y/3  along 6 of the 12 <2023> directions,
i.e. atoms at § ^ \  (Fig. 3); when c/a — 1 -633, the latter 
equals a, and the 12 nearest neighbours are equi­
distant as in f.c.c. metals. All the second-nearest 
neighbours are situated in adjacent close-packed planes 
at distances a(16 +  3 j2) i[2y/3 along 6 of the 12 <4043> 
directions, i.e. atoms at §f|- (Fig. 3) ; when c/a =  1-633 
the second-nearest neighbour spacing becomes ay /2. 
There are 2 third-nearest neighbours a t distances 
c =  ya along <0001>, 6 at distances ay/3  along <10l0>, 
and 12 at distances a(28 +  3y2) i/2y/3  in <24§3> 
directions (Fig._3) ; when c/a =  1-633, the latter distance 
also equals ay/3.
Christian4 has described the rule f(5r selecting direc­
tions for nearest and second-nearest neighbours, namely, 
that in the notation (uvtwy, u and v may not be inter-
M ETALLURGICAL REVIEWS
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changed, e.g. if there is a nearest neighbour in [2023], 
there will be no nearest neighbour in [0223], and the 
second-nearest neighbours are in directions [0443], 
&c.t
The interstitial holes in fc.c. and h.c.p .7*8 structures 
are similar. For the ideal structure the octahedral 
interstices (Fig. 4a) are surrounded by atoms arranged 
on a regular octahedron; these interstitial holes have 
coordinates £ § £, -3- § f , which is equivalent to a vector 
■^■[0443] of magnitude a/-\/2 from the origin. There 
are also four tetrahedral interstices (Fig. 4b) per unit 
cell a t coordinates f  ^ i ,  f  i  O O f, O O f. There are 
thus 1 octahedral and 2 tetrahedral holes/atom, as 
in f.c.c. structures.
I f  the atoms in a h.c.p. structure are assumed to be 
rigid spheres of radius r in contact along close-packed 
directions, the maximum radius of sphere that can be 
accommodated in an octahedral or tetrahedral site 
is 0-41r or 0 -22r, respectively. The fraction of the 
space occupied in f.c.c. and h.c.p. is the same, 0-74, 
compared with 0-68 for b.c.c. and 0*52 for primitive 
cubic packing.
2. Reciprocal lattice1’2’4’9' 12
I t  will be convenient at this point to introduce the 
reciprocal lattice; this geometrical concept will be 
particularly useful in the subsequent discussion on 
indexing diffraction patterns and crystal planes.
A reciprocal lattice is composed of reciprocal lattice 
points, each point lying on the normal (through the 
origin) to a set of parallel and equidistant planes (hkl) 
in the direct lattice and its distance from the origin is 
inversely proportional to the spacing of the planes.
a/ST.
i.e. r*hki K
d h l c l
where i f  is a constant and r*hki is the distance from the 
origin to the reciprocal lattice point corresponding 
to the family of planes having the spacing dnm in the 
direct lattice.
I f  the vectors describing the reciprocal lattice and the 
direct lattice are ax*, a 2*, a3* and a l3 a 2, a3, respectively, 
the reciprocal lattice is constructed by drawing a ^  
normal to both a2 and a3 such that the scalar products 
become
and
ax* . a 2 -  ax* . a3 =  0 . . .  [1]
a i* • a i =  a 2* • a 2 =  1 ■ • • • H
the general case being a^* . zu =  8^, where 8^  =  1 
when i —j  and otherwise is zero.
The reciprocal lattice for h.c.p. structures is a primi­
tive hexagonal lattice. The axes c and c* are parallel 
but a2* and a 2* are at 60°, instead of 120° as in the 
direct lattice (Fig. 1). Also I a x* I =  I a2* I =  2la\/3  
and | c* | =  1 fc.%
The direct lattice in Fig. 3 should be compared 
with the reciprocal lattice in Fig. 5. The (001) reciprocal
f  This rule does not apply when u =  v, i.e. <ll20>. 
t  Note error in magnitude of | a* | in Ref. (12), p. 204. 
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4 Interstitial holes in h.c.p. structure, a Octahedral, b Tetra­
hedral.
210
•  too
•  oTo \
20
O IO
IOO
210
Reciprocal lattice. a Section parallel to (001). b In 
dim ensions, with lattice points omitted where (h +  2k) i 
a multiple of 3 and / is odd. (See text.)
a ,  direct lattice a x e s i a ^ .a j*  reciprocal la tic e  a x e s ; A i* ,A a* Miller— 
Bravais axes in reciprocal sp ace .
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lattice plane is indexed in terms of Miller indices in 
Fig. 5a. A three-dimensional model of the reciprocal 
lattice of magnesium is shown in Fig. 5b ; these models 
are particularly useful when indexing Laue zones in 
eleetron-diffraction patterns. In  this lattice a vector
r *hki  =  Aa-L* +  Aa2* - f  Ic*
drawn from the origin to any point having coordinates 
hkl is perpendicular to the plane in the crystal lattice 
whose Miller indices are hkl. Since the planes of a 
zone are all parallel to their line of intersection, the 
zone axis, their normals must be coplanar. The planes 
of a zone will then be represented in the reciprocal 
lattice by a set of points lying in a plane passing through 
the origin of the reciprocal lattice. Thus, the reciprocal 
lattice array of points describes completely the angular 
relationships and spacings of crystal planes in the direct 
lattice.
Table II. Indices of directions and planes
Directions
Miller indices Miller-Bravais indices
3 axes 4 axes
4 index 3 index
[UVW] [uvtw] [uv.w]
* (001 0001 001
f  330 1120 110
*< 030 1210 120
[300 2110 210
031 1211 121
012 1216 126
[  333 1123 113
*< 033 1213 123
[303 2113 213
021 2423 243
[210 1010 100
120 0110 010
[110 1100 110
211 1011 101
121 0111 011
111 1101 111
[423 2023 203
*< 243 0223 023
[223 2203 223
212 1012 102
122 0112 012
112 1102 112
450 1230 120
310 5140 510
210 5410 540
311 5143 513
211 5413 543
411 7253 723
* Indices o f  Burgers (hkil) (HKL)
vectors Miller-Bravais Miller indices
indices
Planes
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II. Crystal log raphic indices
Three different axial systems can be used to define 
the indices of directions and planes in the h.c.p. structure, 
i.e. rhombohedral, orthorhombic, and hexago­
nal.^s*13-15 O tte and Crocker13 suggest that the 
orthorhombic is worthy of much wider use, but since 
there exists a strong preference in the metallurgical 
literature for the hexagonal system of axes, only the 
latter is considered in this review. A number of recent 
texts discuss Miller-Bravais notation for planes, but 
omit12>16>17 or deal very briefly3*18 with the indexing 
of directions.
1. Indices of directions13’19,20
Figure 1 shows the hexagonal prism : the 3-axis system 
is based on the 3 vectors al5 a2, c, which define the 
primitive unit cell. Any direction d3 will have 3 indices, 
U, V, W, given by
d3 =  U?lx +  Fa2 +  Wc
Crystallographically equivalent directions do not have 
the same mathematical form, e.g. the close-packed 
directions in the basal plane have indices [ 100], [110], 
[010] (Fig. 3).
The 4-axis system is based on the vectors a x, a2, a3, 
and c (Fig. 1) ; a3 is redundant since a3 =  — (ax +  a 2). 
In  this system a direction d 4 will have 4 indices \uvtw\ 
such that
d 4 =  «ax +  vz.2 -f- tfa3 -f- wc
The condition that M +  y +  f =  0 is now imposed and 
the crystallographically equivalent directions then have 
similar indices, e.g. the close-packed directions become 
[2110], [ 1120], [ 1210].
The redundant digit is sometimes omitted to produce 
the 4-axis 3-index notation, i.e. uv.w. The similarity 
between equivalent directions is again obscured, and it 
is most important to avoid confusing the two 3-index 
notations based on 3 and 4 axes, because they produce 
different indices for a given direction. I t  is therefore 
recommended that indices based on the 4-axis hexa­
gonal system be known as Miller-Bravais indices, 
while indices based on any 3-axis system, including 
hexagonal, be known as Miller indices.13
Directional Miller indices UVW  may be converted 
to Miller-Bravais indices uvtw by the following equations.
■U =  u - t , V  =  a - t , W  =  w . . .  [3]
or
« =  *(2U - F), o =  | ( 2F  — TJ)} t =  - ( u  +  *), 
w =  W  . . . [4]
Im portant directions are listed in Table I I  in the 
Miller and Miller-Bravais notation .20
2. Indices of planes1’2’13-19
There are two methods for deriving indices of a plane. 
The usual method is to determine the intercepts of the 
plane on the respective axes of the direct lattice in
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multiples of fractions of the unit distances along each 
The reciprocals of these values, reduced to theaxis.
smallest integers having the same ratio, are the indices 
of the plane (Fig. 6a).
An alternative and more elegant method is to define 
the indices of planes as the components of vectors 
in reciprocal space.13 This is particularly useful when 
dealing with eleetron-diffraction patterns. Then a 
plane with Miller indices {HKL) making intercepts 
a JH , a 2/K, c/L  on the axes of the direct lattice, will 
have a vector, r*  normal to the plane, of the type
r*  =  Ha.}* -f- iTa2* -f- Lc*
where r*  is referred to the reciprocal lattice basis 
(Fig. 6b) . Thus, the Miller indices of a plane are pro­
portional to the reciprocals of the intercepts which the 
plane makes on the basic vectors of the direct lattice 
and are also the components referred to the reciprocal 
lattice basis of the vector normal to the plane. Miller 
and Miller-Bravais indices of planes are readily inter­
changed, since a plane with {hkil) or (hk.l) M iller- 
Bravais indices has Miller indices
{HKL) =  {hkl) [5]
Indices of planes are listed in Table I I  for the two 
axial systems. I t  should be noted that a direction is 
not normal to a plane of the same indices except for 
directions of the type <0001 > and <Mr’0>. The indices
of the normal to a plane {hkil) are
f  Note error in Refs. (15) and (19).
By definition (equations [ 1] and [2]), directions in 
the real lattice are normal to planes of the same index 
in the reciprocal lattice and planes in the real lattice 
are normal to directions of the same index in the 
reciprocal lattice. I t  should be noted however that the 
axes used in the Miller-Bravais notation for reciprocal 
lattice* points, i.e. Ax*, A2*, A3* in Fig. 5a, are not 
reciprocal to the corresponding direct lattice axes. 
Consequently, particular care must be taken when 
indexing reciprocal lattice points in terms of M iller- 
Bravais indices, 21 e.g. equations [3] and [5] then apply to 
planes and directions, respectively, in the reciprocal 
lattice. Bearing this in mind, it is often convenient 
to index eleetron-diffraction spot patterns in terms of 
Miller-Bravais indices22* 23 (see Section VI. 1). Okamoto 
and Thomas24 have discussed the interpretation of dif­
fraction patterns based upon a 4-axis reciprocal lattice 
construction.
3. Stereographic projection1’2
The'angles between planes are dependent on the cfa 
ratio and so each h.c.p. metal requires a separate 
stereographic projection. The angles between planes 
for magnesium and titanium are given in Refs. (25)-(31). 
Computer-programmed tables are available in which 
angles between planes are given for values of cja ranging 
from 1-5 to 2 -0.19*28'29 H u30 has published stereo­
graphic projections of the (lOlO) and (1012) planes for 
titanium.
I t  should be noted that the standard projections for
h.c.p. metals contain planar indices, although the 
points on the projection correspond to the position 
of the plane normals For example, the [1011] direction
Toio
2110
(I2IO) —
oTio Tiooion
2 023
2a 2113 TlOl •
Olll
O—2:3a. (230)
1213I2IOI (j )OOOI T2TO
O  0 223
6 Miller indices (230) of a plane, a In terms 
of the intercepts on the basic vectors of 
the direct lattice, b A s the com ponents 
of a vector in the reciprocal lattice.
om—•
2023
1T001 01T0ion
7 Double stereogram for titanium. The [1011] twinning 
shear direction lies at the intersection of the (1210) plane 
of shear and the (1012) twinning plane.
•  plane norm als; O d irec tions; O  direction and  plane 
indices coincident.
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lies at the intersection of (1012) and ( 1210) great 
circles and there is no pole a t this position in the usual 
basal plane-projection (Fig. 7). I t  is therefore often 
convenient to plot a ‘double stereogram5 which contains 
projections of both plane normals and rational direc­
tions.19 Angles between directions (not normally 
tabulated) have also been computed.19 Fig. 7 shows 
a double stereogram for titanium in which the positions 
of im portant directions are compared with plane 
normals having the same indices. The double stereo­
gram is especially useful when considering extinction 
in thin foils of dislocations having Burgers vectors not 
in the basal plane, e.g. <1123>. (See Section V I.3.)
I t  must be emphasised that the general crystallo- 
graphic equations involving directional indices that 
are given in text-books1*12*32 are applicable to h.c.p. 
structures only when Miller indices are used; equivalent 
equations for Miller-Bravais indices are given by Otte 
and Crocker,13 Rarey et al.,19 and Neumann .20
III. Crystal planes and spacings
Im portant planes and directions in the hexagonal 
lattice are illustrated in Fig. 8. There are three impor­
tant zone axes (directions of intersection of planes), 
namely, <0001>, <10l0>, <ll20>. The <0001 > zone 
contains planes of the type {hkiO} which intercept 
the basal plane a t 90°. The <1120> zone contains 
planes of the type (llO n}, the {1100} being known 
as prism planes of type I. The <10l0> zone contains 
planes of the type {121 n}, the {1210} being known 
as prism planes of type II. Planes of the type {hkin }, 
n 7^ 0, are known as pyramidal planes.
The intrinsic Peierls-Nabarro stress for slip is expected 
to be smaller for planes having the largest interplanar 
spacings (i.e. low-index planes containing the greatest 
density of atoms) and containing the shortest lattice 
translation vectors.6*33-37 The interplanar spacing is 
given by13
° [ l  (** +  ** +  **) +  ( | ) 2 - '2
where hkl are the Miller or Miller-Bravais indices of 
the planes. The interplanar spacing_along the c-axis 
is c/2 and the planar density is 2/a2-\/3.
However, a difficulty arises when non-basal planes 
are considered, since these planes are not uniformly
Table III. Relative density of atoms and interplanar
<000t>
8 Important planes and directions in a h.c.p. metal.
spaced33*34*38 (Fig. 9). Thus, although for diffraction 
purposes d1Qi 0 and du :j0 are given by a y /3/2 and a/2, 
respectively, when discussing slip on these planes, the 
slip surface is considered to be corrugated to include 
atoms in A and B  layers in (0001) planes and the 
density of atoms in the {10T0 } slip planes is doubled, 
becoming 2/ac. Using ball models, Nicholas32 has 
demonstrated clearly the atom positions and geometry 
in crystal planes of hexagonal structures. The variation 
in planar spacing and atomic density for {10T0 } and
(0001) planes in several hexagonal metals is shown in 
Table III . On the basis of the Peierls-Nabarro model, 
prism slip is expected to replace basal slip as the pre­
dominant slip mode when the c/a ratio becomes <  y/3  
(1-73), since then both the {10T0 } spacing and density 
are greater than corresponding values for the basal 
plane. Although this concept apparently accounts 
for prism slip in titanium and zirconium, it fails to I 
explain the predominance of basal slip in cobalt, 
magnesium, and beryllium. (See further discussion 
in Section V III.4.)
IV. Crystallography of twinning in h.c.p. 
metals
A detailed analysis of the crystallography of twinning 
in hexagonal structures has been carried out by Crocker 
and reported by Christian.4 The twinning elements 
of the most frequently occurring twins are given in 
Table IV.
:ing in {1010} and (0001) planes
Metal c/a ratio
Ratio of atom densities, -  2/a V 3  
or
(1010) aV3/2 
Ratio of interplanar spacings, (Q001) =  c/2
Stacking-fault energy 
(basal plane), 
ergs/cm 2
Ref.
Cd 1-886 0-92 ~150 117
Zn 1-856 0-94 ~300 58,115,117,118
1-732 1-00
Co 1-623 1-06 ~  26 115
Mg 1-623 1-07 ~300 58
Ti 1-587 1-09 ~300 54, 116
Be 1-568 1-10 ~180 116
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ov3 all
9 Projection of atom s in (1210), showing traces and interplanar 
spacings of (0001), (1012), (1011), and (1010) planes in mag­
nesium.
•  a to m s in A  layer; O a tom s in B layer.
10 Conversion of a sphere into an ellipsoid by the twinning 
shear tj,. Section parallel to the plane of shear. 5  is the 
displacem ent at unit distance along OX.
1. Shape change produced by twinning
Twinning causes a sphere to become an ellipsoid and 
this shape change can be conveniently illustrated by 
sections parallel to a plane of shear.1*4*5 Such a section 
is shown schematically in Fig. 10. The plane of shear, 
the twinning plane, and the shear direction are pro­
jected on a stereogram in Fig. 7.
There are two planes that remain undistorted by the 
twinning shear, i.e. the magnitude of all angles and 
directions in these planes are unchanged. The planes 
lie normal to the plane of shear and are designated 
K x and K2. While the twinning plane K x, containing 
the twinning shear direction v]l3 does not change its 
position, K2 is displaced to K f  by the twinning shear. 
The lines of intersection of the plane of shear with 
K 2 and K 2' are tj2 and respectively.
The shape changes associated with {1012}, {1121}, 
and {1122} twinning are illustrated in Fig. 11. The 
twinning shear S  varies with cja ra tio ; the acute angle 
2<p between K x and if2 is related to the shear S  (Fig. 10) 
by
S  =  2 cot2<p
Figure 11 shows that a free surface parallel to (0001) 
plane would be tilted ^ 4 ° ,  7°, and 35° by {10T2 } 
twinning in magnesium and {1132} and {1131} twins 
in titanium, respectively.
When a crystal is completely converted to a twin, all 
directions lying in the initially acute sector between 
Kx and K 2 (Fig. 10) are shortened, while all directions 
lying in the obtuse sector are lengthened. The standard 
stereographic projection can be divided into regions 
indicating the sense of the length-change of specimens 
after twinning on any twin system.
Alternatively, a change in length can be calculated 
using the expression:
Wo — (1 +  2s sinX cosX -j- s2 sin2x) * - -
where l0 =  length before twinning.
I =  length after twinning.
X =  angle between direction of l 0 and  Kx.t 
X =  angle between direction of l 0 and  %. 
s =  tw inning shear.
f  Note typescript error in Ref. (1), p. 411, and Ref. (5), p. 46.
Table IV. Twinning elements
Metal
Twinning plane 
(1st undeformed 
plane)
(K,)
Twinning
shear
direction
(ti,)
Second
undeformed
plane
(* ,)
Direction of intersection  
of plane of shear 
with K2 
0 l2)
Plane of 
shear  
perpendicular to K , 
and K 2
Magnitude of 
twinning 
shear
Cd \ 0-17
Zn 0-139
Mg V {1012} <10TT> {1012} <1011) {1210} 0-131
Ti 0-167
Be J 0-199
Ti {1121} <1126> (0001) <1120) {1100} 0-638
{1122} <1123> (1124) <2243) {1100} 0-225
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COMPRESSION
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a
There is no change in length, l/l0 =  1, for directions 
in K x and K 2.
The above discussion applies to changes in length 
of directions lying within the twinned volume. When 
twinning is incomplete, and for distances large compared 
with the twin lamella, the dimensional changes may be 
modified for directions lying in the quadrant bounded 
by if2 and the plane normal to Kx and % (OXin Fig. 10). 
This effect is important when the twinning shear is 
large.39
2. Stereographic projection of twin poles
Greninger and Troiano40 first showed how deformations 
involving homogeneous shear, such as twinning and 
martensitic transformations, can be described using 
stereographic projection. The relative positions of 
planes and directions before and after twinning can be 
readily determined geometrically by this method if the 
twinning elements are known.
All the twinning elements listed in Table IV  have 
rational indices and the twins are known as rational or 
compound twins. I t  follows from the definition of a 
twin that the position of poles after twinning on these 
systems can be obtained b y :1*4’5
(a) Reflections across K1} equivalent to a rotation 
of 180° about the normal to K x.
(b) Reflection across a plane perpendicular to Kx and 
r\x, equivalent to a 180° rotation about 7)1.
The poles in the (0001) matrix projection have been 
moved to their position after twinning on (1012) in 
Fig. 12. The position of the basal pole in twin and 
matrix, the twin elements, and the <1130> zones are 
also shown. The positions of the poles after twinning 
can be found by simply rotating the poles in the (0001) 
projection about one axis through an angle equal to 
20, where 0 is the acute angle between the plane Kx and 
the (0001) pole; the sense of rotation is such as to initially 
reduce 0. For example, in titanium the following 
data are applicable.
176
|  TENSION
'42
7 24
•46 51
COMPRESSIONCOMPRESSION
TWIN
/  MATRIX
X  , ( T 2 T0 )
43  0 9  v 7
TENSION ■
C/ a  <  y / J  e.g. Mg
b
COMPRESSION
83°30'
13*
MATRIX
( T lO O )
TENSION TENSION
83 30
TWIN O' 24)
58 Ol
COMPRESSION
TENSION
72 33
MATRIX
(TlOO) COMPRESSION
72° 33*
TENSION
d
11 Shape changes produced by twinning. Sections parallel to 
the plane of shear for a {1012} twin in zinc, b _{1012} twin in 
magnesium, c {1122} twin in titanium, d  {1121} twin in 
titanium.
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2110.
ri2 ZONE
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H -OOOI,1210
T) ZONE IIOI
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OOOI
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12 Basal plane projection for titanium, 
showing (1012) twinning elem ents. 
+  plane norm als in paren t matrix;
•  p lane norm als in (1012) tw in; $  plane 
norm als co inc iden t in matrix and tw in;
•  and  §  po les a re  indexed relative to 
twin.
Twin plane K 1 
( 1012) 
(1122) 
(TT21)
Rotation axis
[12T0]
[TlOO]
[TlOO]
Angle of rotation 
94° 52'
63° 58'
34° 54'
A rational plane in the matrix will in general become 
an irrational plane in the twin, e.g. in Fig. 12 the basal 
plane in titanium after ( 10l 2) twinning becomes a 
plane inclined 4° 52' to the (1010) in the twin about 
the [ I2 l 0] axis. Directions in K 1 are unchanged in 
position and have similar-type indices after twinning, e.g. 
[TOll] and [1210] for the ( 10l 2) twin. Planes in % 
zones are also unchanged in position and have similar-type 
indices after twinning (Table V), although relative 
to the parent matrix these planes are rotated about their 
normals, i.e. the positions of the atoms in these planes 
are changed. Although indices of directions in K % and
Table V. Planes parallel in twin and parent matrix
Twin (K,)
Zone axis
(T|i)
Indices of 
planes in the 
parent matrix
(1012)
[1011]
h+i+l=0
1210
2311
1101
2113
1012
(1121)
[1126]
/7+A+2/+6/=0
1100
1321
0221
1121
(1122)
[1123]
/7+/c+ 2 /+ 3 /= 0
1100
2311
1211
1322
0111
1122
planes in the t)2 zone are of the same type after twinning, 
their positions are changed from those occupied in the 
matrix.
The above data can be deduced from Fig. 12, which 
shows the position of % and v)2 zones. The great circle 
corresponding to the zone is in the same position 
on the stereographic projection for both twin and 
matrix, whereas the yj2 zone in the matrix moves to v)2' in 
the twin.
The indices of planes and directions after twinning 
can be deduced analytically.5’14*41’42 The following set 
of expressions avoids fractional indices.
I f  Kx =  (HKL) and tj2 =  [UVW] (or alternatively 
K 2 and %, respectively), then the directional Miller 
indices [uvw] in the parent matrix transform to [u'v'w'] 
in the twin according to :
u' =  u(HU  +  K V  + ' LW ) -  2U(Hu +  Kv +  Luo) 
v' =  v(HU +  K V + L W )  -  2V(Hu +  Kv +  Luo) 
w ' =  w(HU  +  K V  +  L W ) -  2 W(Hu +  Kv +  Lw)
. . .  [7]
Planar indices (hkl) in the parent matrix transform 
to (h'k'l') in the twin according to
h' =  h(HU +  K V +  LW ) -  2H(Uh +  Vk +  Wl)
k' =  k(HU +  K V +  LW ) -  2K(Uh +  Vk +  Wl)
V =  l(H U +  K V  +  LW ) -  2L(Uh +  Vk +  Wl)
rs
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V. D islocations in h.c.p. metals
R ead43 and Frank and Nicholas44 have enumerated 
the possible dislocations in h.c.p. structures and com­
pared their energies, assuming them to be proportional 
to the square of the Burgers vector; more recently 
Yoo and Wei45 have applied anisotropic elasticity 
theory to dislocations in zinc. Subsequent reviews of 
dislocations in h.c.p. metals are presented by Nabarro 
et a/.46 and Christian.4
A convenient notation, analogous to the Thompson 
tetrahedron47 for f.c.c. metals, has been used by Berg- 
hezan et a l f 8 and Damiano49 to describe the Burgers 
vectors in h.c.p. structures (Fig. 13). Some possible Bur­
gers vectors and their relative energies are listed in Table
VI. Both Miller and Miller-Bravais indices are used to 
describe the vectors and the notations should be clearly 
distinguished to avoid confusion. Both types of index 
are included in Table VI. In  Table II , for directions 
corresponding to possible Burgers vectors, the Miller 
indices have not been reduced to the smallest integer 
and are equal in magnitude to the equivalent M iller- 
Bravais direction vector; thus Burgers vectors can be 
readily converted from one axial system to the other. 
The following points are worth emphasising at this 
stage.23
The magnitude of a vector in terms of the lattice para­
meters is given by
and
a[U2 -  U V +  V2 +  W 2]*
r
c[3(m2 +  uv +  V2) Z£>2]*
where [UVW] and [uv.w] are Miller and M iller- 
Bravais indices, respectively.13
The Burgers vector, a, can be represented in magnitude 
and direction by a[110], a[010], and <z[100] (Miller 
notation) and a/ 3 <1120)  (Miller-Bravais notation); the 
latter is stated incorrectly in Refs. (50) and (51).
13 Burgers vectors in the h.c.p. lattice (see  text).
When Burgers vectors have components along the 
c-axis, e.g. <c +  a>-type Burgers vectors, the vector
should be in the form a or ^ <1123>, the modu­
lus of the vector being (a2 -f  c2)*; the forms a/3 
<1123>, (a2 +  £2)V 3 <1123>, &c., are incorrect in Refs. 
(19), (37), (52), (53).
Confusion is best avoided by simply referring vectors 
to unit distances (a,a,a,c) along the respective axes,
i.e. K H 20>, K1123>.
Three glide directions are coplanar and are associated 
with the shortest Burgers vectors, a, (Table V I (1)) 
lying in the close-packed directions in the basal plane. 
The other important Burgers vectors c (Table V I (2)) 
and c a (Table V I (3)) do not lie in a close-packed 
direction. The largest vector, <c +  a>, may be repre­
sented by
AB  +  S T  = AB  +  S T [9]
Table VI. Burgers vectors of dislocations in h.c.p. metals
Type of dislocation  
(Fig. 13)
Total number of 
dislocations 
(including negative)
Vector
Direction 
indices of 
vector
Magnitude of 
vector in terms of 
lattice parameters
Relative energies 
of dislocations
v - V f
Miller-Bravais Miller
Perfect dislocations 
1 AB, &c. 6 a,, &c. K 1120)
f[110] 
i  [100] 
l[010]
| a | I a l2
2 ST, TS 2 c <0001> [001] I c l | c l 2 =  8 | a |2
3 ST +  AB, &c. 12 c +  a *<1123) [111]
[011]
V  I a |2 +  | c |2 11 | a l2 
3
Imperfect dislocations 
4 A c, B<y, &c. 6 f a i+ * a 2 £<1010> *[110]
*[210]
A ll
V 3
A M 2
3
5 oS , oT, &c. 4 c
2
K0001) *[001] I £  I 
2
2 I a | 2
3
6 AS, BS, &.C. 12 (4) +  (5) 
above
/
\
CO
ICsl
oCM-jo V [423] 
-*[223]
V  I £  I 2 +  | a | 2 
4 3
I a l2
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B A!tr c fflB
jjoTo] 1
B ---------
A ---------
B --------
A ---------
B --------
A ---------
B --------
[OOOl]
(c)
H i g h - e n e r g y  
s t a c k i n g  f a u l t  
S A s!
B
B A j
A 1 C 1 1
B X B ?  J -
A A 2
B B
A A
(b)
A
B
A
. . R
B
A
B
(d)
L o w - e n e r g y  
s t a c k i n g  f a u l t
SlA
(e) ( f )
14 Stacking faults in the h.c.p. lattice (see  text).
O
15 Projection of atom s in (0001). Dotted lines are traces of 
possible {1010} slip surfaces. Slip along XY trace disturbs 
least bonds.
•  a to m s in A  p o sitio n ; o  a to m s in B positions.
*— Inciden t e l e c t r o n  
' beam
Sphere of. 
re f l e c t io n
re f lec ted
W
16 Ewald sphere construction in reciprocal lattice.
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[a, 2a a 1 , r ] \a3 3  3 J +M =b
J l 2 l 0 +  f<
[o«o]
H
+
+
JoOcJ
[°°i]
] = * [ 1213] 
- joacl
“  M
. . . [10]
[12]
[13]
All forms of the equations are used,4-44 but the notation 
adopted in equations [10] and [ 12] are clumsy and 
should therefore be avoided.
Dislocations having a-type Burgers vectors may 
dissociate43*54 in the basal plane into 2 low-energy 
Shockley partial dislocations of the type A a (Table V I 
(4), Fig. 13) surrounding an intrinsic stacking fault 
which violates 2 next-nearest neighbours in the stacking 
sequence. There are actually two possible slip se­
quences ;37.43,44 either a B layer slides over an A layer, 
i.e. A a followed by aB (Fig. 14a), or an A layer slides 
over a B layer by the passage of a aB partial followed 
by an A a partial (Fig. 146).
AB -» A a —|— aB 
*[1210] =*[0110] + * [ 1100] 
[010] = * [ 120] + * [ 110]
[14]
The dissociated AB dislocation is restricted to slip 
in the basal plane but constriction of screw segments 
will enable cross-slip to occur on {1 Oln }-type planes 
(6, c, d, e, Fig. 8). Any given {lOln} plane can contain 
only one of the 3 possible ±  <1120> Burgers vectors 
and a Burgers vector of this type cannot glide in {112n }- 
type planes (Fig. 8/ ) .
Other dissociations of perfect dislocations are geo­
metrically possible, e.g.
Fau“  + 1 1 2 0 ]  -**[4263] +  *[2463] . . .  [15]
+ 1120] ->-*[1121] +  * [1121] . . . [ 1 6 ]m ( 1100)
Fault ["
in 1 *[2113] -»
(2112) I
AB + S T  
Fault C
in W [0001] -*  *[2023] +  *[2023]
( 1210) I
S T  SA A T
*[2203] +*[2023] 
SB A T
. . . [17] 
. . . [ 1 8 ]
Reactions [17] and [18] may produce faults in the 
basal plane if diffusion (climb) can occur.4 Reactions
[15] and [16] indicate the possible dissociation of 
*<1120> dislocations in {IOIO} planes ;39 when the 
corrugated nature of these planes is considered reaction
[16] appears unlikely compared with [15].* The atom 
arrangement in the basal and {10l 0 } planes is depicted 
in Fig. 15. Two {lOlO} slip surfaces are available
* E. Smith, unpublished work.
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ofl2 0002 OM2 
of!I o£oi Op I 
oflO 0 OHO 
o f ! l OOOT OlTT 
o n j 0J02 0] l 2
ZONE AXIS [ 1 0 0 ]  3  [ 2 f i b ]  
FOIL PLANE ( 2 l i 0 )
Ca)
X • z~\U 0004 2114 •• • * • • • • • •
X * 2112 0002 2112• • # • • • •
X « 2lf0 0 2110• • # • • • *
X 2M2 0002 2112 •• • . # • • •  •
X • 2M4 0004 2114 •
[120]3[oilo]
(ono)
( b )
but the X T  plane is favoured since the least number 
of bonds is disturbed .55
Slip and twinning in non-basal planes has been 
analysed by Rosenbaum ;55 in particular, he considered 
a twinning model based upon <c +  a> dislocations 
dissociating in (1122} planes according to reaction [17]. 
Among the pyramidal planes, ( l Ol l )  are unique in 
that they contain both a and c + 'a  vectors (Fig. 8c), 
as do all {lOlO} planes; dissociation of a-type dis­
locations does not appear possible in any {10l n} plane 
where n is an integer.55
The only stacking faults that preserve the nearest- 
neighbour configuration in h.c.p. structures are faults 
in the basal plane ;43.44 in these structures Shockley 
partial dislocations are always associated with intrinsic 
faults and Frank partials with extrinsic faults.4*37
Stacking faults are frequently produced in hexagonal 
metals by precipitation of vacancies.48>56_59(°) For
example, a single layer of vacancies (Fig. 14c) pro­
duces an unstable high-energy stacking sequence 
a b a b / b a b  (Fig. 14/). I t  may be converted to a lower- 
energy fault b y :
(a) Passing a pair of equal and opposite partial 
dislocations (dipole) over adjacent slip planes to produce
a b a / c / b a b  (Fig. 14c)
an extrinsic fault violating 3 next-nearest neighbours 
bounded by Frank partials of type a S ; thus, a high- 
energy fault is bounded by low-energy partials.
(b) Passing an A cr-type partial across the loop to 
produce
b c b c b / a b  (Fig. 14/)
an intrinsic stacking-fault with 1 violation of next- 
nearest neighbours bounded by Frank-Shockley com­
posite partials of the type AS; thus a low-energy fault 
is bounded by high-energy partials.
A a -f- aS -> AS  
£[1010] +  £[0001] £[2023]
£[210] +  £[001] -> £[423]
[19]
The fault energy associated with (b) is ~  £ that pro­
duced in (a) and £ that produced by dissociation in 
equation [14].
I f  the vacancies precipitate in two adjacent layers 
an unfaulted loop is produced with an £7^type Burgers 
vector; such loops are glissile in the c-direction. 4^iS- and 
iST-type loops have been studied in thin foils of cad­
m ium ,56 zinc,56*58 magnesium ,58 and beryllium.59<W
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Eleetron-diffraction patterns frequently obtained from h.c.p. 
metals. The structure factor is zero for reflections marked X. 
Zone axes are given in terms of Miller and Miller-Bravais 
indices, together with the corresponding indices of the foil 
plane.
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Considerations similar to that applied to vacancy 
loops can be applied to the precipitation of inter­
stitials in the basal planes.37*56
In  magnesium57 and zirconium60 glissile interstitial 
loops with £<1120> Burgers vectors and lying in {112n) 
planes have been produced by prismatic punching .61-63 
Interstitial loops on these planes and with this type of 
Burgers vector are also produced in zirconium by 
irradiation .64
VI. Electron diffraction by h.c.p. m etals8-12
1. Diffraction patterns
Eleetron-diffraction patterns are interpreted most readily 
in terms of the reciprocal lattice. The Ewald sphere 
construction in reciprocal space gives the condition 
for diffraction from a particular set of planes. Consider 
the sphere (Fig. 16) of radius 1/A  that intersects the 
origin of the reciprocal lattice a t O, where the crystal 
planes spaced dnu  apart are inclined at an angle 6 to 
the incident electron beam along EO. Let a reciprocal 
lattice vector r *hki equal OP, then P will be on the 
sphere if
. q T * h k l  A / f  I  . K  \
sm 6 =  T7T =  Ta— \since r hkl =  1— )2 / A l a t i k l  \  d h k l /
The interpretation of eleetron-diffraction patterns 
of h.c.p. metals is more complicated than in cubic 
metals.19*21-24 For example, a  low-index zone axis 
may be normal to a plane having irrational indices. 
Consequently, although the diffraction pattern may 
represent a low-index reciprocal lattice plane, the foil 
plane may be irrational. The approximate indices of 
irrational planes normal to prominent zone axes are 
given in Fig. 17.
As in the case of X-ray diffraction the structure factor 
becomes zero and there is no diffracted beam when 
(h +  2k) is a multiple of 3 and I is odd, i.e. 1121, 
2241, & c.; in Fig. 5b balls are missing a t positions 
corresponding to forbidden reflections. However, 
these conditions may be relaxed for electron diffraction 
and extra spots can arise as a result o f :11
(1) Elongation of reciprocal lattice spots (streaking) 
caused by lattice strain or presence of small precipitate 
platelets.
(2) Double diffraction.
(3) Twinning.
Extra spots likelyk-to arise by double diffraction are 
marked by crosses in Fig. 17.
The spots in a single-crystal eleetron-diffraction 
pattern have indices corresponding to planes in the 
direct lattice and all these planes lie in the same zone. 
Thus, to each diffraction pattern can be assigned a 
zone axis (parallel to the incident electron beam) 
that satisfies the relationship :
This is equivalent to Bragg’s law. Thus, depending 
on the structure factor, a diffracted beam will arise 
whenever the reflecting sphere intersects a reciprocal 
lattice point, the direction of the diffracted beam being 
given by FP. The maximum reciprocal lattice spacing 
obtainable is given by
thus a limiting sphere may be constructed, centred at 
O, of radius 2/ A, within which all possible reflections 
will lie.
Since the wavelength of electrons a t 100 kV is 
A ~  0*037 A, the Bragg angles are very small, i.e. 
/'»' 10-2 radians or 1 degree. The radius of the reflecting 
sphere is therefore ^  27 A-1, which is so large compared 
with the lattice spacing that the sphere can be approxi­
mated to a plane. The diffraction pattern produced 
by an electron beam entering a h.c.p. crystal along any 
zone axis can now be determined by imagining a plane 
normal to the electron beam and passing through 
the origin of the reciprocal lattice shown in Fig. 5b. 
Some commonly occurring diffraction patterns for 
h.c.p. metals are shown in Fig. 17.11
The magnitude of the reciprocal lattice vector in the 
diffraction pattern is determined from
where n A is the camera constant measured in the 
electron microscope.
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H U  -f- K V  +  L W  =  0 for Miller indices . . . [20]
hu -f- kv -f- it -f- lw =  0 for Miller-Bravais indices
•, • [21]
where HKL  and hkil are indices of the diffracted beam 
giving rise to the spot in the diffraction pattern, and 
[UVW] and [uvtw] are the respective indices of the 
zone axis.
Zone axes are determined by the following equations; 
if two planes H XKXLX, H 2K2L 2 lie in a zone UVW, then
H XU +  K XV +  LXW  =  0 H 2U  - f  K2V  +  L 2W  =  0 
thus 
U VW  =  (.KxL2 -  K 2Lx) : (LxH 2 -  L 2H X) : {HXK 2 - H 2KX)
. . . [22]
This method may be applied to Miller-Bravais indices 
by omitting a redundant figure in the plane index. I t  
should be emphasised, however, that the zone axis so 
derived contains three figures and constitutes in fact 
the Miller indices of the zone axis and not the M iller- 
Bravais indices with the third index omitted, as sug­
gested by Phillips.65 Failure to appreciate the fore­
going has resulted in the incorrect derivation of zone 
symbols for diffraction patterns in a  num ber of recent 
texts.66-69 The correct Miller-Bravais symbol can be 
obtained20 from the Miller zone symbol using equation
[4] (Table II) and can be checked by substituting 
in equation [21].
2. Identification of twin spots in diffraction patterns
The identification of twin spots in diffraction patterns 
from h.c.p. structures has received only brief mention 
in the literature. 11*70*71<a) and (b) A simple yet useful stereo-
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graphic method has therefore been described and 
compared with the normal analytical approach .72 A 
summary of the stereographic technique is presented 
here.
By making use of stereographic projections of matrix 
and twin poles, it is possible to predict the reflections 
from any known twin in a parent matrix of any orien­
tation. Some elongation of reciprocal lattice points 
is assumed and is commonly observed in practice.73 The 
correct twin poles are superimposed on the (0001)
I 2 I 4 t 0 0 0 4  T 7 2 7 4  T
+  T +  T 4  T
• • •
72 3 0 2020 3 2 1 0
•  •
I 2 I 2 t
t
7 1 2 0  0002 T 2110 
+
7 2 7 2  T
t
0220 T o i o 2200
•  •
O I I O  I IO O
4 4 4- —
1210 O O O O 12T0
1 32 2 0 5 2 2  7 7 2 2 2 0 2 2  3 1 2 2
4 4  + 4  4
• •  • •  •
13 2 0 0220 7 1 2 0 2 0 2 0  3 1 2 0
TRACE OF
TWIN BOUNDARY
2311
+
2 3 1 0
1211 O K I
t  t
1 2 1 0  O I I O
Ton
t
IO IO
2111
t
2110
3211
4
3 2 1 0
4
2 2 0 0
4
I IOO O O O O
_4
I IO O
+
2 2 0 0
TRACE OF 
TWIN BOUNDARY
b
projection, as described in Section IV .2. The great 
circle corresponding to the foil plane in the matrix 
is drawn relative to the (0001) projection. The twin 
poles nearest to this great circle will represent possible 
reflecting planes in the twin matrix.
An example will illustrate the technique. Consider a 
( 1012) twin that lies in a foil whose surface, the parent 
matrix, is parallel to the basal plane and normal to the 
incident electron beam (Fig. 12). The parent matrix 
will therefore give rise to a diffraction pattern similar 
to that shown in Fig. 17c. The nearest rational plane 
in the twin, ( 10l 0)r , is inclined to (0001)m. The twin 
matrix diffraction pattern will be similar to that shown 
in Fig. \lb . The composite diffraction pattern will 
therefore appear as in Fig. 18a. The {1121} and 
{1122} twins produce parallel twin-boundary traces 
in a (000\ ) m  foil surface. However, the twins can be 
distinguished by comparing their diffraction patterns 
(Fig. 18b and c) .
Note that all twin spots are displaced from the matrix 
spots in a direction parallel to the projection in the 
reciprocal lattice plane of the twin plane normal. This 
applies to all crystal structures.11*71
When the twin boundary is normal or parallel to 
the electron beam, the positions of the twin spots are 
readily obtained by rotating the matrix diffraction 
pattern 180° about a suitable axis lying in the plane 
of the diffraction pattern. Double diffraction spots 
frequently arise in the twin patterns and can be identi­
fied by the usual methods described for f.c.c. structures. 
A more detailed discussion of these points is provided 
in Ref. (72).
3. Determination of Burgers vectors of dislocations
The contrast in transmission electron micrographs 
associated with crystal defects is discussed in detail 
in Refs. (11), (68), and (74). Feltner and Sefton75 have 
tabulated data for f.c.c. structures, but only brief 
reference is made in the literature to h.c.p. structures.
1 3 2 6 0 2 2 6 7 7 2 6 2 0 2 6 3 1 2 6
+ 4 + + +
• • • • •
0 4 4  0 7 3 4 0 2 2 4 0 3 7 4 0 4 0 4 0
• • • • •
0 3 3 0 7 2 3 0 2 7 3 0 3 0 3 0
+ + + + . +
2 3 1 3  1 2 1 3  O T 13 10 1 3  2113 
1 3 2 0  0 2 2 0  1 1 2 0  2 0 2 0  3
• • • • •
2 3 1 0 1210 o7io Toio 2 1IO
4  4 4 - 4
2 2 0 0  I I O O  O O O O  I I O O  2 2 0 0
TRACE OF 
TWIN BOUNDARY
18 Position of twin sp ots in electron diffraction patterns. 
Parent matrix (foil plane) parallel to (0001). a Reflections 
from (1012) twin, b Reflections from (1121) twin, c Reflections 
from (1122) twin.
•  matrix re flections; +  twin re flec tions; -0 -co inc iden t matrix and 
twin reflections.
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Perfect dislocations. The condition for invisibility 
of dislocations is generally g.b =  0, where b is the 
Burgers vector and g is a reciprocal lattice vector 
normal to the reflecting planes, of magnitude equal to 
the reciprocal of the spacing between them. This is 
strictly sufficient only for screw dislocations, although 
in practice the very faint images under the condition 
g.b =  0 often enable different Burgers vectors to be 
distinguished. The visibility of dislocations having
[0001] Burgers vectors in zinc, when g.b =  0, is dis­
cussed in Ref. (11).
The three types of Burgers vector for perfect disloca­
tions in h.c.p. metals, are listed in Table V I. The 
planes containing these Burgers vectors are readily 
determined by drawing great circles with the corres­
ponding Burgers vector as pole. This has been done 
for some dislocations having <1120>- and <ll23>-type 
Burgers vectors in Fig. 19. All the poles lying on these 
great circles satisfy the criterion g.b =  0 (note that 
poles with -}-ve and — ve fourth index coincide in the 
stereogram) and eleetron-diffraction spots having these 
indices can be used to determine the types of Burgers 
vector in thin foils.
In  practice, the low-order reflections are preferred
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2111
2311
lT03
iToi
19 Stereographic projection of the poles  
of planes satisfying g .b  =  0 for ±  
i[1120], ±  i [1123]i and ±  £[1123] 
Burgers vectors.
and values of g .b  for the first seven reflections and the 
perfect dislocations listed in Table IV  are given in 
Table V II.
Table V II shows that the three close-packed Burgers 
vectors in the basal plane can be distinguished from 
each other using only {10l 0 } reflections, i.e. using a 
foil with (0001) plane parallel to the surface. When 
<1123>- and <0001>-type Burgers vectors are also 
present, additional reflections, e.g. {1 O l 1} and (1122), 
will enable any of the possible Burgers vectors of perfect 
dislocations to be identified. The (0002) reflection is 
frequently obtained in twinned crystal. Other possible 
combinations of reflections and Burgers vectors can be 
discovered in Table V II.
Partial dislocations. For partial dislocations the 
Burgers vector b p is no longer a lattice vector, and the 
vector product g.bp is therefore not necessarily an 
integer. A partial dislocation may be invisible for 
g .b p =  0 or ± 3* Thus, when neither partial of an 
extended dislocation is visible, g .b p =  +  £ for one and 
— £ for the other, so that the dislocation if unextended 
would also be invisible. (This accounts for the double 
extinction in graphite, i.e. 2 partials with different 
Burgers vector are simultaneously invisible.)
However, under certain conditions, partials in mixed 
orientation may give rise to strong contrast and when
g.bp =  0, e.g. dislocation loops with a £<2023> Burgers 
vector. As with edge dislocation loops referred to above, 
the contrast is due to the displacement normal to the 
slip plane.11 The unambiguous determination of the 
Burgers vectors of partials thus requires a precise know­
ledge of the diffraction conditions and of the contrast 
associated with a particular partial and its stacking 
fault.11-74
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Fraction of dislocations invisible. Table V III 
shows the fraction of perfect dislocations invisible 
(assuming all Burgers vectors are equally represented) 
for any one of the first seven reflections. Clearly micro­
graphs taken with only one strong diffracting beam 
can give very misleading values for the dislocation 
density. Similar data are reported for f.c.c. structures.75
VII. Deformation m odes
Early data on the stress/strain curves76-83 were restricted 
to results obtained with cadmium, zinc, and magnesium; 
recently more detailed information has become available 
for metals with smaller c/a ratios.6-83-86
Dislocation interactions in h.c.p. metals are dis­
cussed in Refs. (46), (52), (82), (87-91), and the 
mechanical properties are adequately dealt with in the 
above references. These topics will receive only brief 
mention in this review and in the following discussion 
particular attention will be paid to magnesium and 
titanium.
The stresses required to activate the deformation 
modes in hexagonal metals are very dependent on the 
orientation of the stress axis. This is apparent for 
twinning in Fig. 11 and is more clearly demonstrated 
for slip and twinning by plotting the Schmid factor 
for each deformation mode, e.g.
G sj rsn =  cos 9  COS X
where as — shear stress resolved on the slip or twin 
plane and in the slip or twinning direction.
Gn =  applied stress.
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cp and  X are, respectively, the angle between the stress 
axis and  slip or tw in plane norm al and slip or tw inning 
direction.
o s must attain a critical value, called the critical 
resolved shear stress (c.r.s.s.), before slip will occur. 
Values for the critical resolved shear stress for twinning 
(c.r.s.s.t.) are not so easily obtained, since nucleation 
becomes of predominant importance (see Section V III) .
1. Slip modes
Dorn and M itchell6 have provided a comprehensive 
list of deformation modes in bulk and thin-film speci­
mens of h.c.p. metals. The slip modes in magnesium, 
titanium, and beryllium are summarised in Table IX .
Slip in <1120> directions occurs in all the hexagonal 
metals, and basal slip predominates in cadmium, zinc, 
cobalt,92 magnesium ,79 and beryllium .93-95 The {1122} 
<IT23> slip system operates in bulk cadmium ,9 6<«> and (6)
zinc,97 zirconium ,98 and hafnium ,98 and dislocations 
with this Burgers vector have been observed in cad­
mium56 and zinc56 at room temperature and in beryl­
lium99-102 a t elevated temperatures.
Dislocations dissociated in t h e . basal planes have 
been observed in cobalt103-104 and in the a-titanium 
phase in a titanium alloy. 105(o) Stacking faults lying in 
basal planes in magnesium and beryllium and in basal 
and non-basal planes in titanium (Fig. 20) are frequently 
found within {1012} twins after deformation; i05(W,io6 
their origin is not at present clear, but they may account 
for the faulting detected in titanium using X-rays.107 
Basal plane faults are also found within transformation 
twins in quenched pure titanium .108-109 Stacking 
faults in the basal planes of cadmium and zinc, hitherto 
attributed to dissociation of glissile dislocations,56 are 
now believed to arise from precipitation of vacancies 
generated either by cold work48-87-110-113 or by surface 
oxidation of both thin foils58-59 and bulk m aterial.114
Table VII. Values of g.b for the first seven reflections and K1120)-, K1123)-, and <0001>-type Burgers vectors
Burgers vectors of perfect dislocations (x £ )
Ref ection ±[1120] ±[1210] ±[2110] ±[1123] ±[1213] ±[2113] ±[1123] ±[1213] ±[2113] ±[0003]
1 1010 ± 1 0 ± 1 ±1 0 ±1 ± 1 0 T1 0
0110 . ± 1 ± 1 0 ± 1 ± 1 0 ± 1 ± 1 0 0
1100 0 ± 1 ± 1 0 ± 1 ± 1 0 ± 1 ±1 0
2 0002 0 0 0 ± 2 ± 2 ± 2 ± 2 ± 2 T 2 ± 2
3 1011 ± 1 0 ± 1 ± 2 ± 1 0 0 ± 1 ± 2 ± 1  ■
1011 ± 1 0 =F1 0 ± 1 T 2 ± 2 ± 1 0 =F1
0111 ± 1 ± 1 0 ± 2 ± 2 ± 1 0 0 ± 1 ± 1
0111 ± 1 ± 1 0 0 0 T1 ± 2 ± 2 ± 1 ± 1
1101 0 ± 1 ± 1 ± 1 ± 2 ± 2 =F1 0 0 ± 1
1101 0 ± 1 ± 1 ± 1 0 0 ± 1 ± 2 ± 2 =F1
4 1012 ± 1 0 ± 1 ± 3 ± 2 ± 1 ±1 ± 2 ± 3 ± 2
1012 ± 1 0 ± 1 ± 1 ± 2 T 3 ± 3 ± 2 ± 1 ± 2
0112 ± 1 ± 1 0 ± 3 • ± 3 ± 2 ± 1 =F1 ± 2 ± 2
0112 ± 1 ± 1 0 ± 1 ±1 ± 2 ± 3 ± 3 ± 2  , ± 2
1102 0 ± 1 ± 1 ± 2 ± 3 ± 3 T 2 ± 1 =F1 ± 2
1102 0 ± 1 ± 1 -F2 ± 1 ± 1 ± 2 ± 3 ± 3 ± 2
5 1120 ± 2 ± 1 ± 1 ± 2 ± 1 ± 1 ± 2 ± 1 T1 0
1210 ± 1 ± 2 ± 1 ± 1 ± 2 ± 1 ± 1 ± 2  . ± 1 0
2110 • ± 1 ± 1 ± 2 ± 1 ± 1 ± 2 =F1 ± 1 ± 2 0
6 1013 ± 1  ■ 0 ± 1 ± 4 ± 3 ± 2 ± 2 ± 3 T 4 ± 3
1013 ± 1  . 0 ± 1 ± 2 =F3 -F4 ± 4 ± 3 ± 2 T 3
0113 ± 1 ± 1 0 ± 4 ± 4 ± 3 T 2 ± 4 ± 3 ± 3
0113 ± 1 . ± 1 0 T 2 ± 2 ± 3 ± 4 ± 2 ± 3 =F3
1103 0 ± 1 ± 1 ± 3 ± 4 ± 4 T 3 ± 4 ± 2 ± 3
1103 0 ± 1 ± 1 -F3 -F2 ± 2 ± 3 T 2 ± 4 ± 3
7 1122 ± 2 ± 1 ± 1 ± 4 ± 3 ± 1 0 =F1 T 3 ± 2
1122 ± 2 ± 1 ± 1 0 ± 1 ± 3 ± 4 ± 3 ± 1 =F2
1212 ± 1 ± 2 ± 1 ± 3 ± 4 ± 3 ±1 0 T1 ± 2
1212 ± 1 ± 2 ± 1 =F1 0 T1 ± 3 0 ± 3 T 2
2112 =F1 ± 1 ± 2 ± 1 ± 3 ± 4 -F3 ± 3 0 ± 2
2112 =F1 ± 1 ± 2 T 3 ± 1 0 ± 1  ' ± 1 ± 4 ± 2
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Table VIII. The fraction of perfect d is location s  
invisible in a h.c.p. metal (assum ing all Burgers  
vectors are equally represented)
Reflection
Fraction  of d is lo c a t io n s  invisible
i  < 11 2 0 ) type i  <1123) type <0001) type
1 1010 13 i3 1
(all invisible)
2 0002 1 0 0
(all visible)
3 1011 3 3 0
4 1012 13 0 0
5 1120 0 0 1
6 1013 0 0 0
7 1122 0 16 0
Thus, values of the stacking-fault energy derived from 
early thin-film observations are too low. C urrent 
estimates of the stacking-fault energy for several hexa­
gonal metals are given in Table II I .
In  bulk polycrystalline magnesium, {1 OlO} and 
{1011 } slip systems have been detected a t room tem­
perature and below in highly stressed regions,79 i.e. 
grain-boundary corners. The extent of non-basal 
slip increases w ith increasing tem perature and the wavy 
nature of the non-basal slip traces is associated with
cross-slip on basal planes.79>119■120 In  magnesium
single crystals a t room tem perature it is extremely
difficult to operate prism atic slip121-122 and the 
{1122 }<TT23> system could not be detected in ideally 
oriented crystals.123 The reported {1122 }<1T00> slip 
system remains unconfirm ed.79
A transmission electron-microscope study of deformed 
magnesium single crystals a t room tem perature also 
failed to reveal glissile dislocations with non-basal
slip vectors.124 The characteristic dislocation con­
figuration in the easy-glide region of the stress/strain 
curve consisted of a high density of edge dislocation 
braids parallel to basal planes and dislocation m ulti­
poles.124-126 These braids are formed by the cross-slip 
of screws, or by the sweeping up by edge dislocations of 
short isolated dipoles.124-125 Dislocations in {1OT1 } 
planes have been reported in polycrystalline m ag­
nesium .127 (The dislocation distribution obtained in 
m agnesium thin foils is expected to be reliable provided 
the specimen tem perature is kept below ~  70° C .112)
T he preference for non-basal slip in zirconium and 
titanium  is still not completely understood. The 
{lOlO }<1210> system predom inates w ith secondary 
slip on { 1 0 l l} ;128 (0001) slip is seen occasionally in 
bulk polycrystalline specimens33-129 and glissile dis­
locations on basal planes have been observed associated 
with hydride precipitates in titan ium 130 and zir­
conium 131 thin foils.
In  titanium , increased slip is reported on (0001) 
and {10T1 } w ith increasing interstitial im purity con­
ten t.129 However, thin-film observations suggest that 
the opposite is true in zirconium ,131-132 since with 
increasing im purity dislocations are more restricted 
to the {1 OlO} slip planes. A similar dependence on 
purity  is indicated by prelim inary observations of 
dislocation configurations in titan ium .130 An example 
of dislocations confined predom inantly to the {10T0} 
planes is shown in Fig. 21. In  titan ium 107 and zir-
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Table. IX Slip  m od es  and critical resolved  shear  
stresses  in m agnesium , titanium, and beryllium
Metal Ref. Slip p lane Slip d irection
c .r .s .s .  a t  room  
tem p. ,  
g / m m 2
Mg 122, 123, 
215
0001
1010
1011
51
4000
Ti 216 (a) a nd
(b)
1010
00C1
1011
<1120  > 2000
8G00
Be 217-219 0001 
1 CIO
~  140-1400 
-  5300-6700
conium 132 there is no evidence of dislocation braids, 
which are a feature of metals deforming by basal slip.
Dislocations in titan ium 130 and zirconium 60-133-134 
are observed to climb when thin foils are heated in the 
electron beam. (This behaviour has been erroneously 
a ttributed  to cross-slip.133) Specimens of titanium  
deformed >  16% in tension130 or by rolling135 ex­
hibit a  polygonized structure (Fig. 22) and a high 
density of dislocation loops. The polygon cells are often 
elongated in the direction of the tensile axis or the 
rolling direction.
K ink-boundary formation is an im portan t defor­
m ation mode in hexagonal m etals.137-138 In  m ag­
nesium ,119 titan ium ,139-141 and zirconium 142-143 com­
plex kinking occurs after large tensile strains (<— 10%) 
or a t local stress concentrations. T he bend plane can 
be a simple {1120 } tilt boundary containing dislocations 
with the same Burgers vector136 (a-type, T able V I (1)). 
Bend planes parallel to {1 OlO} are also frequently
20 S tack ing  fau l ts  within a  {1012}-type twin in t i tan ium  af ter  
ten s i le  d e fo rm ation .  Faults  in basa l  p lan es ,  A,  a n d  n o n - b a s a l  
p lan es ,  B.
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observed, often associated w ith tw in s;144-146 these 
accom m odation kinks are composed of two different 
a-type Burgers vectors.
There is no experim ental evidence for bulk slip in 
the [0001] direction, bu t plastic deform ation in the 
c-direction in indented zinc136 and m agnesium 147 has 
been accounted for in terms of kink-band formation.
2. Tw inning m o d e s 4,5,1 4,42,1 48,1 49
Possible dislocation models for twinning in these metals 
have been described by W estlake,150 R osenbaum ,55 
and Chyung and W ei.151
In  a single-lattice structure (b.c.c. and  f.c.c.) paren t 
and twin structures are related by a homogeneous 
shear. This is not so in double-lattice structures (h.c.p.) 
and additional small atom  displacements are required 
in a direction different from the lattice shear. These 
atom  movements are called shuffles.4
Tw inning in (1 0 l2 } planes occurs in all h.c.p. 
m etals; this tw inning mode has the lowest shear and 
involves simple shuffles in the plane of shear. In  m ag­
nesium twinning occurs on other planes in the <1120> 
zone,70 e.g. {1T01 }, {1T03 }, (1105 }, {3304}. To 
account for the observations of {1103} and {3304} 
tw inning Crocker152 has proposed a double-tw inning 
mechanism involving retw inning of the prim ary twin. 
Unfortunately, it is difficult to obtain quantitative 
inform ation on these modes because of the large am ount 
of plastic deformation associated w ith the t w i n s . 79’153-154 
and  a detailed explanation of these twinning modes is 
not yet possible. Some discussions of atom  movements 
in {1 Of 1 } twinning are given by W estlake155 and 
T h o rn to n .156
In  titanium , in addition to {10 l 2 }, other twinning 
planes lying in the <10l0> zone occur, e.g. {1211}, 
{1212}, {1213}, {1214}. T he {1212} and {1214} are 
less common and their shuffles are complex. Shuffles 
in {1213} twinning are also exceptionally complex 
and this mode m ay also involve double twinning.
T he magnitudes of the twinning shears are com pared 
in T able IV . A value of 0-6 for the {1121 } twin has 
been measured for zirconium 150’157 and rhenium 158 and 
seems more likely theoretically than  the value of 0-2 
reported  previously.159 For {10l2}-type twins the shear 
is a m axim um  in beryllium, bu t still small compared 
w ith other types of twin in h.c.p. metals.
T he shape of a deformation twin is influenced by the 
tw inning shear.4-134’149’160 W hen the shear is small the 
twin has a wide lenticular shape in section, since the 
twin interface can deviate considerably from the twinning 
plane w ithout greatly increasing the twin-interface 
energy ; {10l2}-type twins are typical of this kind. In  
titan ium  the twins decrease in size in the order {10l2  }, 
{1122}, {1121 }, the last two types being m uch n ar­
rower than the first.33
The m echanism of nucleation and  growth of twins 
in hexagonal metals remains obscure,161 especially 
for the high-index twinning planes.4 There is consider­
able scatter in the values for the critical resolved shear 
stress for twinning in single crystals, e.g. 25-T6,500g/m m 2 
in zinc.151 Twins may nucleate in perfect crystal a t 
stress concentrations tha t raise the stress locally to the 
theoretical value for twin nucleation, i.e. 50 kg/m m 2 in 
zinc.162 Dislocation nucleation mechanisms are also
186
invoked to explain the presence of twins having a high 
shear and the absence of twins with a low shear.158’163-165 
For example, in single crystals of rhenium 158 (cja =  
1-61), although the Schmid factor may favour {10 l 2 } 
twins, only {1121 } twins w ith a large shear (t ' 0-6) 
are detected, whereas in deformed polycrystalline 
rhenium  {1012} twins are also produced. I t  is con­
cluded tha t it is easier for slip to nucleate {1121 } twins 
than {10l2 }, since the la tter are nucleated only by the 
complex slip required to m aintain com patibility at 
grain boundaries in the polycrystal. The stress required 
to cause a pre-existing twin to grow is norm ally much
21 In te rsec t ing  {1010} slip b a n d s  in polycrystal l ine t i tan ium 
( ~  500 ppm  interstit ial  impurity,  120 HV) af ter  ? %  t en s i le  
s tra in  a t  —196° C. D is lo c a t io n s  in e d g e  o r ien ta t ion  at 
A an d  nearly sc re w  at B.
22 S u b g ra in  s t r u c tu re  in polycrystal l ine t i tan ium  after  25% 
te n s i le  stra in  a t  room  t e m p e ra tu re .
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lower than the nucleation stress,97 although this does 
not appear to be the case in zinc at low temperatures.166 
The behaviour during twin growth is sensitive to surface 
films,5 inclusions,42’167-169 and local high dislocation 
densities.145>166>170 Very irregular twin growth is 
possible when these obstacles are present.
An important factor influencing twin nucleation and 
morphology is the plastic accommodation necessary 
in the lattice adjacent to the twin interface. This has 
not been studied adequately as yet. A general discussion 
is provided by Christian4 and some experimental 
results have been reported for magnesium ,146 zir­
conium ,171 and h.c.p. intermetallics.172 More recently, 
the general problem of whether or not slip precedes 
twin nucleation has been discussed173’174 and related 
to the significance of a critical resolved shear stress 
for twinning.173
The volume fraction of twinned crystal produced 
during deformation is very dependent on the orientation 
of the twin components with respect to the stress axis. 
The fraction of tensile strain due to a single twin is 
given by175
t — v.s.m
where t — tensile s tra in ; v — volume fraction of tw in ; 
s =  twinning shear; m =  Schmid factor (cos 9  cos X).
The shape change in {10 l 2 } twinning is shown in 
Fig. 1 la and b. Twinning in {1012} is not possible 
when c/a =  -\/3.193(W When r/a> -\/3  twinning is favoured 
by compression parallel and tension normal to the 
c-axis, but for c/a <  y/2  compression normal and 
tension parallel to the c-axis causes twinning. Similar 
considerations can be applied to {1121} and {1122} 
twinning found in titanium and the shape changes are 
depicted in Fig. 11c and d. Thus, unlike slip, 
twinning is very dependent on the sense of the applied 
stress. This can be clearly demonstrated by observing 
the displacements of twin interfaces produced by 
microhardness indentations.14 5.17 6
VIII. Factors affecting the deformation 
m odes
1. Von Mises criterion177
A polycrystal requires five independent shear systems 
to undergo homogeneous strain without change in 
volum e ;178*179 a slip system is independent of others 
provided its operation produces a change in crystal 
shape that cannot be produced by a suitable com­
bination of amounts of slip on those other systems.180
The 6 types of slip system available in hexagonal 
metals are listed in Table X. Types 1 and 2, acting 
simultaneously but independently, will provide a total 
of 4 independent slip modes. This number assumes 
absence of cross-slip, which according to Kocks181 may 
increase the number of independent modes. The shape 
change produced by types 1 and 2 together is precisely 
equivalent to 3 acting alone. No extension parallel 
to the c-axis is possible using any of the systems 1-3, as 
they all involve <ll20> slip directions. Since only 
< l l20>-type slip directions have been reported in
magnesium and titanium, the von Mises criterion cannot 
be satisfied.
Nevertheless, these metals are ductile, e.g., within 
the temperature range — 196° to 20° C magnesium 
and titanium exhibit ductilities of ^  5% 182 and 
^  10%, 183-186 respectively. Alloying magnesium 
with up to 14 at.-%  lithium increased the ductility 
to '" - '12%, although the only change in deformation 
modes was a greatly increased amount of prism slip 
in <1120) directions.182
Consequently, it was suggested that grain-boundary 
sliding35-79 and the twinning shear79 must contribute 
to the overall strain. However, this contribution was 
not considered sufficient to explain the observed duc­
tilities, particularly a t low temperatures, e.g. the com­
plete conversion of a magnesium crystal to twin orienta­
tion will produce only ~  7% elongation.1 Tegart187 has 
therefore suggested that other non-basal slip systems 
must operate in h.c.p. metals. (Dislocations with 
<c +  a> Burgers vectors are expected to be particularly 
useful for increased ductility, Table V.) I t  is well known 
that alternative deformation modes can occur near 
grain boundaries188 and from the analysis of textures 
in titanium 189 it was concluded that (0001) slip, {1012} 
and {1122} twinning occur with approximately equal 
critical resolved shear stresses, with slip on {10l 0 } and 
{10l l } at higher critical stresses. Furthermore, rolling 
textures in titanium and zirconium are readily ac­
counted for if {1123} slip is allowed.38 M artin and 
Reed-Hill143 also found basal slip to be an im portant 
deformation mode in polycrystalline zirconium, whereas 
this mode is absent in single crystals. Further support 
for Tegart’s hypothesis is provided by Baldwin and 
Reed-Hill,98 who observed {1122} slip traces in poly­
crystalline hafnium and zirconium deformed at —196° C.
Nevertheless, twinning can certainly play an impor­
tant role. One effect of twinning is that in grains 
unfavourably oriented for slip the crystal is reoriented 
into a more favourable position. 190<°) and (6) In  magnesium 
single crystals, fracture in {3034} twins is preceded 
by very large plastic strains within the twins,153*154 and 
in certain polycrystalline magnesium alloys increased 
reliability is attributed to this double twinning mode.191
Table X. Independent slip system s in h.c.p. metals
Burgers No. of slip system s
Slip vector Slip Slip plane
system type direction T otal Independent
1 a <1120> basal 3 2
<1120)
(0001)
2 a prism type I 3 2
<1120)
{1010}
3 a 1st-order 
pyramidal 
type I
6 4
<1123)
{1011}
4 c + a 2nd-order 
pyramidal 
type II 
{1122}
6 5
5 c <0001) prism type I 
{1010}
3 2
6 c <0001> prism type II 
{1120}
3 2
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Similarly, at room temperature and 77° K, {1012} and 
{1121} twinning, respectively, increase the ductility 
of zirconium .142*192 In  a room-temperature test of 
textured polycrystalline zirconium ,175 when the stress 
axis favoured twinning and for strains < 10%, the 
volume fraction of twins was linearly related to the 
total strain, although twinning contributed only < 1 5 %  
to the total strain. However, a t 77° K  the contribution 
of {1121} and {1012} twinning to the total strain may 
reach nearly 100% at very low tensile strains192 
0-01 %). The increase in strain-hardening rate , 85 
ductility, and strength186’193^ ) in titanium deformed 
at low temperatures (— 196° G) has also been attri­
buted to twinning. Confirmation of the importance of 
twinning is provided by the brittleness of Cd -  Mg alloy, 
193(6) in. which twinning is eliminated by making c/a = % 3.
There is general agreement that a fine grain size 
inhibits twinning.193(a)-195 This effect may be responsible 
for the reduction in ductility of titanium according 
to Russian workers.193^ ) However Burrier et al.19i found 
increased ductility in fine-grain titanium (2000 grains/ 
m m 2) below — 156° G compared with coarse-grain 
(3-6 grains/mm2) titanium in which secondary twinning 
on {1122} twins caused cracking in twin interfaces. 
Cracks associated with twins are also found in magnes­
ium .197 Twin-interface cracking has been observed in 
many hexagonal metals subjected to cyclic stresses.198 (A 
detailed interpretation by Armstrong196'199 of cracks 
associated with cyclic twinning in magnesium is open 
to doubt, as discussed by Partridge.198)
Although low ductilities can arise under certain 
conditions, Conrad84 has shown in a recent review 
that h.c.p. metals, e.g. titanium, zirconium, have 
strengths and ductilities at temperatures approaching 
absolute zero which indicate that these metals have a 
considerable potential for cryogenic applications. One 
must therefore conclude that Tegart’s explanation 
of the ductility is not unreasonable and in fact it is 
quite likely that twinning may activate other slip systems, 
either by generating locally high stresses around twins 
or by dislocation/twin interactions. There is some 
evidence for such twin interactions in h.c.p. 
metals.126*200'201 This is a particularly interesting 
possibility, since incorporation of dislocations with 
a-type Burgers vectors into {10l 2 }-type twins can pro­
duce dislocations with <c +  a>-type Burgers vectors.202 
A stronger case has recently been made, 2Q2(b) and 
based upon experimental data, for including twin systems 
as possible independent deformation modes; it is suggested 
that a suitable combination of twinning shears would be 
equivalent to <c +  a> pyramidal slip. Clearly these 
aspects of the ductility problem deserve further study.
2. Schmid factor14,18'76-77,188
The unit stereographic triangle from the basal pro­
jection, of, the hexagonal . lattice (Fig1 .23) is formed 
by great circles through (0001), (1120), and (lOlO) 
poles. In  Fig. 24 is plotted the variation of the Schmid 
factor with angle 9 between the c-axis and the tensile- 
stress axis for some slip and twinning modes in titanium. 
Attempts have been made to derive the observed tex­
tures in magnesium and titanium by considering the 
Schmid factors for the various deformation modes.203
For basal slip, 204 the resolved shear stress is zero for 
all {1120} slip vectors when the stress axis is parallel
188
or normal to the c-axis. For other orientations in the 
standard triangle shown in Fig. 23 the {1120} direction 
is preferred, the Schmid factor becoming a maximum 
(0-5) when 9  =  X =  45° (Fig. 18c). Stress axes 
lying in the great circle OB will cause slip equally in 
[1120] and [2110] directions.
For prism slip205 and stress axes within the triangle, the 
resolved shear stress is a maximum on a single system 
(01l 0)[2 l l 0] and varies from maximum (stress axis 
normal to the c-axis) to zero (stress axis parallel to the 
c-axis). Stress axes on OB will cause duplex slip on 
(01l0)[2ll0] and (1 TOO)[1120] systems.
The range of variations of the orientation factors 
for all six {1012} twinning planes is depicted by the 
shaded region in Fig. 24; no twinning occurs when the 
tensile stress axis is normal to the c-axis, while many 
twin systems may occur when the axis is parallel to the 
c-axis. The most highly stressed {1121} and {1122}
0110
1120
0001
2TT0
23 Standard stereographic triangle (0001)-(1010)-(1120) for a 
h.c.p. metal (see  text).
,(M22)
0 5
0 -4
/<IO l2>
twinning
o
o
u 0-2 (booi) [1120]
A,B>
6 0 7 0 8 0 9 0
hkio
2 0  3 0 4 0 50O 
OOOI
IO
V  Angle between s tress  axis and pole of basal plane
24 Orientation-dependence of the resolved shear stress for 
slip and twinning within the stereographic triangle AOB, 
Fig. 23. The variation of the r.s.s. for the m ost highly stressed  
prism-and-basal slip system s is represented by areas (0110) 
[2110] and (0001) [2110], respectively. Area {1012} represents 
the variation of the r.s.s. for som e {1012} twin planes. 
Curves for (1121) and (1122) correspond to a stress axis 
that m oves in a (1100) plane, and indicates the variation in 
the resolved shear stress for twinning on these  planes. 
Letters as in Fig. 23.
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twin systems are also shown for comparison in Fig. 24. 
When a compressive stress is applied parallel to the 
c-axis complex twinning takes place in magnesium , 124 
while beryllium deforms elastically before shattering76 
at 200 kg/mm2.
During tensile deformation X decreases and 9  in­
creases ; if X >  45 >  9 , the Schmid factor increases 
initially with increasing strain, and geometrical softening 
can occur, i.e. for the same nominal applied stress a 
sudden large increase in strain is obtained .14-188 The 
phenomenon is pronounced in hexagonal metals with 
a limited number of slip systems. I f  9  >  45 >  X, the 
Schmid factor decreases with increasing strain and 
geometrical hardening occurs. (These effects are quite 
independent of any strain-hardening due to dislocation 
interactions.) Yield drops in magnesium206 and tita­
nium 141 have been attributed to geometrical softening. 
Discontinuous yielding attributed to twinning in 
titanium207-208 has not been confirmed.209 This type 
of yielding could also be due to the formation of meta­
stable dislocation networks (in titanium 210 and zinc211). 
However, it should be noted that at low temperatures 
serrated yielding, once attributed to dislocation ava­
lanches or twinning, may be adequately explained in 
terms of adiabatic heating.212-213 This has been demon­
strated in titanium deformed at — 296°  G.85 Wein­
stein214 has compared the models proposed to account 
for the yield point in zirconium and concludes that a 
dynamic dislocation mechanism operating in very- 
fine-grain material ( <  0-0065 mm) can best account 
for his observations.
3. Critical resolved shear stress (c.r.s.s.)
, Although the orientation factor may be favourable, 
the resolved shear stress must exceed a certain value 
before the deformation mode becomes active. For 
example, the high resolved shear stress required to 
nucleate a twin may allow slip to occur having a smaller 
orientation factor. The macroscopic c.r.s.s. for ( 0001) 
<1120> and {10T0 ><1210> slip is known for many 
hexagonal metals6-83 and typical values are listed in 
Table IX  for magnesium, titanium, and beryllium : 
these stresses correspond to the yield point in these 
materials when the strain sensitivity is ^  10-4.
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25 Temperature-dependence of the critical resolved shear 
stresse s for basal and prismatic slip in magnesium and 
titanium.
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The measured value of the c.r.s.s. depends very much 
on the measuring sensitivity and the imperfections 
present in the material tested. For example, Roberts 
and Brown220 found that a departure from elasticity 
in zinc occurred a t ^  6 g/mm2, compared with the 
macroscopic yield stress of 20 g/mm2. In  recent years a 
microyield stress (or precision elastic limit, p . e . l . )  has 
been determined for several metal single crystals221 
and is defined as the stress to produce a residual plastic 
strain of 10~6.
In  practice, a unique elastic limit is difficult to obtain 
in magnesium and zinc in the microstrain region, 
since non-linear behaviour occurs a t very nearly zero 
stress.222 Two further definitions have been proposed 
to specify the behaviour of these materials.222 A speci­
men is loaded and unloaded at progressively increasing 
stresses until the linear stress/strain plot changes to a 
closed loop and finally to an open loop. Two micro­
yield points, t a, tb , are then determined, tb  is the 
resolved shear stress below which no area is detectable 
within the load/unload curves; this is the stress required 
to cause bowing of the dislocation lines in the basal 
planes. The anelastic limit, t a ,  is the lowest stress at 
which the loop is observed to be ‘open’ for a unidirec­
tional stress; this is the stress required to activate 
dislocation sources. In  magnesium, tb  and ta  have 
values of 5 g/mm2 a t ^  6 X 10-6 strain and ~  32 g/ 
mm 2 at ~  10-4 strain, respectively. These values should 
be compared with the normally measured macroscopic 
yield points ( ~  10-4 strain sensitivity) in Table IX ; 
these are the stresses required to move large numbers 
of dislocations.
The microyield of beryllium has been studied ex­
tensively because of its application to inertial guidance 
systems requiring extremely high material stability.221 
In  beryllium, tb  at 5 X 10-5 strain is 10% of the 
macroyield stress (in magnesium ^  20%) and r a at 
~ 2  x 10-3 strain approaches the macroyield stress 
and after much larger strains than in magnesium .223
4. Temperature-dependence of the critical resolved 
shear stress
In  cadmium, zinc, magnesium, and beryllium basal 
slip is only slightly temperature-dependent below room 
temperature, 6 unlike titanium which exhibits a much 
larger temperature-dependence during basal slip216 
(Fig. 25). At similar temperatures prismatic slip in all 
the above metals is very strongly temperature-dependent. 
Magnesium and titanium are compared in Fig. 25; in 
magnesium there is an increase by two orders of mag­
nitude in the c.r.s.s. for prism slip when the temperature 
is lowered from 300 to — 196° C. The weak temperature- 
dependence above room temperature can be accounted 
for in terms of the temperature-dependence of the 
shear modulus.
The flow stress in the basal planes of magnesium 
appears to be controlled mainly by the internal stress 
fields from excess dislocations of one sign present in 
the dislocation braids.125-126 The constriction of screws 
before cross-slip, the glide of jogs, and interaction with 
point defects will contribute to the temperature- 
dependent part of the flow stress at low temperatures.
The origin of the temperature-dependence of the 
flow stress in non-basal planes has not been resolved 
completely. In  magnesium the easy-glide region of the
189
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stress/strain curve, characteristic of basal slip,125>126>224 
is absent during non-basal slip124 and a very large work- 
hardening rate is obtained, particularly in rhenium .225* 
226 The following processes require thermal activation 
and may be rate-controlling during non-basal slip, de­
pending on the temperature range and impurity 
levels :6.227
(1) Overcoming Peierls-Nabarro stress.
(2) Overcoming the strain fields associated with 
impurity atoms.
(3) Constriction of screw segments dissociated in the 
basal plane.
Using the criteria of interplanar spacing and planar 
atom density, the intrinsic Peierls-Nabarro stress might 
be expected to be smaller, and therefore non-basal 
slip to predominate, when c/a <  -\/Z. Clearly, these 
criteria do not allow a reliable prediction of the pre­
dominant slip plane in h.c.p. structures, since basal 
slip predominates in cobalt, magnesium, and beryllium 
and in the intermetallic compounds AgZn {c/a =  
1 *57) 137 and CuGe (cja =  1-63).228 In  beryllium the 
behaviour cannot be attributed entirely to impurities, 
since increasing purity decreased the c.r.s.s. for both 
prism and basal slip, but increased the ratio c.r.s.s. for 
prism slip/c.r.s.s. for basal slip from 5 : 1 to 38 : l .96.219
Lowering the stacking-fault energy will favour basal 
slip as it becomes more difficult to constrict the screw 
dislocations before cross-slip into prism planes; this 
clearly applies to cobalt. An analogous factor in inter­
metallic compounds is the ordering parameter, since 
increasing order should raise the fault energy and 
enhance prismatic slip ;229 this agrees with the slip 
produced in Mg2Cd upon ordering.163
The addition of lithium to magnesium raises the 
c.r.s.s. for basal slip,230 while the c.r.s.s. for prism slip 
is lowered,231*232 but there is only a minor effect on the 
stacking-fault energy,232 which is large in all the hexa­
gonal metals with the exception of cobalt (Table III). 
(The value of 300 ergs/cm2 for magnesium was obtained 
for a fault with one nearest-neighbour violation ;58 the 
fault energy produced by dissociation may be greater.) 
Dorn and his co-workers6*232 have therefore concluded 
that thie Peierls-Nabarro stress is rate-controlling 
during prism slip in magnesium in the temperature 
range — 23 to 177° C, while above 177° C the thermally 
activated cross-slip model is applicable. The reason 
for the reduction in the Peierls-Nabarro stress in the 
prism planes by lithium is not known.
In titanium containing > 1 0 0  ppm interstitial im­
purity, the thermal component of the flow stress below 
300° K  is strongly dependent on the impurity content, and 
the rate-controlling process is consistent with that for over­
coming impurity atoms in the prism planes.233 and (M > 234
For titanium containing <  100 ppm impurity216*217 and 
in beryllium235^ ) the rate-controlling process is sup­
posedly that for overcoming the Peierls-Nabarro 
stress. I t  remains, of course, to explain why prism 
slip is preferred to basal slip in titanium and it would 
be interesting to know the effect of purity on the c.r.s.s. 
for basal slip in this metal. Tyson53 has concluded 
that elastic anisotropy alone cannot account for the 
slip planes in h.c.p. metals and the stacking-fault 
energy must be of primary importance. This may be 
so in some cases, but anisotropic elasticity theory can 
account for slip in beryllium according to Roy.235(W
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A number of workers have noted the high density 
of dislocation loops and dislocation dipoles in h.c.p. 
metals after prism slip, e.g. in cadmium,56 zinc,56 
titanium,130*135 zirconium,134 and beryllium.236 The 
glissile screw dislocations become severely jogged and 
this undoubtedly contributes to the temperature- 
dependence of this slip mode. Furthermore, if only 
dislocations with <1120) Burgers vectors are readily 
mobile, as in titanium, zirconium, and beryllium, 
intersecting dislocations will produce jogs in non-basal 
screw dislocations but not in basal screw dislocations 
and this may explain the different rates of work- 
hardening in these two planes.
IX. Conclusions
The incentive to improve and apply h.c.p. metals 
lies in the specific strength properties of alloys based 
on magnesium,237 titanium,238*239 and beryllium.239 
More ductile alloys have been obtained by adding 
lithium to magnesium241 and either copper or alu­
minium to beryllium.242*243 Titanium, while exhibiting 
high specific strength at elevated temperatures,238>239>244 
is also particularly ductile at low temperatures and 
resistant to corrosion and is therefore especially favoured 
for cryogenic84*85 and, e.g., surgical implant applica­
tions.245
A considerable improvement in the mechanical 
properties of hexagonal metals may be possible but 
to exploit their full potential a better understanding 
of the interdependence of slip and twinning is required.
For enhanced ductility particular attention must be 
paid to the factors controlling non-basal slip in the 
<c +  a> directions. Experiments in the microstrain 
region, together with direct studies of the dislocation \ 
configurations in the metal tested, are making a valuable 
contribution to the fundamental data on the behaviour 
of hexagonal metals.
Recent experiments suggest several possible ap­
proaches in future research. For example, a careful 
control of the volume fraction and the form of dispersed 
phases in hexagonal metals may well enhance ductility, 
since Sherby246 has demonstrated increased ductility 
in zinc containing tungsten particles and Westlake247 
has dispersion-hardened zirconium with hydride pre­
cipitates (normally considered detrimental).
I t  has also been suggested that cold working at very 
low temperatures may increase the strength at higher 
temperatures to a greater extent in h.c.p. metals,84 
provided the higher temperature is below the recovery 
temperature. Mechanical twins are known to increase 
the damping capacity of metals248*249 and Reed-Hill 
et al.250 have shown that controlled damping capacity 
can be induced in zirconium at room temperature 
by suitable prestrain at low temperatures. The effect is 
attributed to stress-induced twin-boundary movement 
and may have important commercial applications. The 
general problem of propagation of twins in work- 
hardened material has been considered only briefly for
h.c.p. metals.251
Finally, there is still scope for the development of 
preferred orientation textures203*252-256 and these could 
be significantly affected by the deliberate selection of 
certain twinning modes during fabrication, e.g. by 
shock-loading,257*258 followed by suitable heat- 
treatments.258
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Chapter 2
M icro stru c tu res  o f Magnesium and T itanium  
Deformed in  Tension
In  t h i s  and fo llow ing  c h a p te rs  p o ly c ry s ta l l in e  specimens were made 
from  i / i 6” th ic k  s h e e t .  .Cadmium, z in c  and magnesium specimens o f 99*99/° 
p u r i ty  were annealed  to  g iv e  co arse  g ra in  s iz e s  and were ch em ica lly  p o lish ed  
In * ic e  cold aqueous n i t r i c  a c id  p r io r  to  defo rm ation  and o p t ic a l  m icroscopy. 
Thin f o i l s  o f magnesium were p repared  hy e le c tro p o l is h in g  in  th e  normal 
m ethyl a l c o h o l /n i t r i c  ac id  b a t h ^ ^ .
Titanium  specim ens were made from h ig h  p u r i ty  (.120 VPN) p o ly c ry s ta l l in e  
s h e e t .  A nnealing was perform ed in  vacuum (10 .mm), f i r s t  a t  600 C and th en
a t  800°C to  g iv e  a g r a in  s iz e  o f  ^ 5  giains/m m 'V  Specimens were s tu d ie d  ■ 
e i th e r  a f t e r  chem ical o r  e le c tro p o l is h in g  as d e sc rib ed  in  Appendix 1 .
A ll'sp ec im en s were deformed e i th e r  i n  an In s t r o n  o r a E o u n sfie ld  t e n s i l e  
machine a t  a s t r a i n  r a t e  o f  ~ 0 .0 2  ■ inches/m in .
I n  t h i s  c h ap te r th e  m ic ro s tru c tu re s  c h a r a c te r i s t i c  o f 'u n id i r e c t io n a l ly  
deformed m a te r ia l  w i l l  he d e sc r ib e d , a lthough  a q u a n t i ta t iv e  c o r r e la t io n  
between d is lo c a t io n  s t r u c tu r e  and s t r e s s / s t r a i n  curves has not been a ttem p ted . 
In  l a t e r  ch ap te rs  th e se  o b se rv a tio n s  w i l l  be compared w ith  th o se  made on 
specimens su b jec te d  to  c y c lic  s t r e s s e s .
2 .1  Magnesium .
D asal s l i p  predom inated and a f t e r  s t r a i n  th e  d is lo c a t io n  c o n f ig u ra tio n s
c o n s is te d  o f edge d is lo c a t io n  b r a id s .  I n  f o i l s  o r ie n te d  alm ost p a r a l l e l  to
'• th e jb a sa l p lane  th e  b ra id s  appeared as i n  f i g .  2 . 15 s im i la r  c o n f ig u ra tio n s
124 12*5have been re p o rte d  in  s in g le  c r y s ta l s  and d e sc rib ed  in  d e t a i l  ’ . I n
f o i l s  o r ie n te d  p a r a l l e l  to  prism  p la n e s , no n -b asa l d is lo c a t io n  segm ents a re  
re v e a le d  ( f ig * 2 . 2 ) .  La^ge jogs on d is lo c a tio n s  a re  a lso  a p p a re n t, to g e th e r  
w ith  d ip o le  loops ly in g  in  no n -b asa l p lanes ( f i g . 2 .3 ) .  These presum ably a r i s e
when b a sa l screw  d is lo c a tio n s c ro s s - r s lip  on to  no n -b asa l p la n e s . The amount o f  
no n -b asa l s l i p  i s  g e n e ra lly  sm a ll, as shown by th e  sm all s te p s  in  f i g . 2 . 3 , 
a lthough  o c ca s io n a l la rg e r  s te p s  a re  ev id en t in  f i g . 2 . 2 .
Only [ 10T2 } tv/ins were found in  magnesium. A ty p ic a l  sm all tw in  i s  
shown In  f i g . 2 . 4 * An accommodation k in k  boundary ex tends from th e  tw in  t i p  
to  a g ra in  boundary and numerous d is lo c a t io n s  a re  v i s ib l e  w ith in  th e  tw in .
F ig .2 c 1 Edge d is lo c a t io n  b ra id s  in'm agnesium  a f t e r  
5$ s t r a i n .
x  30,000
F ig .2.
F ig .2 .
2 (1C10) p lane in  magnesium, showing long segments
o f  d is lo c a t io n  ly in g  in  non-basal p la n e s -a f te r  
13$ stra in®
x 16,000
3 (1010) p lane  o f magnesium. loops and d ip o le s
in  non -b asal p ian es  a f t e r  13$ s t r a i n .
x  35,000

A la r g e r  tw in  i n  f i g . 2 .5  lias two k inks ex tending  from th e  tw in  t i p .
The d is lo c a t io n  s t r u c tu r e  in  th e  tw ins i s  u s u a l ly  s im ila r  to  t h a t  shown 
in  f i g , 2 ,2 , w ith  many long d is lo c a tio n s  ly in g  in  b a s a l  p lan es  ( f i g .2 .6 ) .  
However a t  h ig h e r s t r a in s  (~10$) th e  tw ins appeared as in  f i g . 2 . 7 . Short 
rih h o n s  of s ta c k in g  f a u l t  p ro tru d e  from th e  tw in  boundary in to  th e  p a re n t, 
and lo nger rib b o n s extend ac ro ss  th e  tw in ; a l l . t h e  f a u l t s  l i e  in  b a sa l  
p la n e s • ; '
Another f e a tu re  a t  h ig h e r s t r a in s  were bands o f d is lo c a t io n s  w ith in  
tw inned c r y s ta l  ( f i g . 2 ,8 ) ,  These were formed when two tw ins b e long ing  to  
th e  same system  im pinged; p a ren t d is lo c a t io n s  trap p ed  between, the  tw ins 
gave . r i s e  to  th e  d is lo c a t io n  bands in  th e  tv /in .
When tw ins impinged on o th e r  tw in  system s o r g ra in  b o u n d a rie s , ex ten s iv e  
lo c a l  s l i p  occurred  ( f i g .2 . 9 ) .  T his e f f e c t  i s  re a d i ly  ap p aren t in  o p t ic a l  
m icrographs and has been d e sc rib ed  in  th e  l i t e r a t u r e .
2 .2  T itanium
Prism  s l i p  predom inated and' no evidence f o r  ex ten s iv e  b a s a l  s l i p  was 
%
found. However b asa l s l ip  appeared to  accommodate hydride needles th a t  
nucleated  a f te r  e le c tro n  beam h eatin g  (fig .A 1. 3) .  At low s t r a in s  (-J$£,
1500 p s i ) ,  th e  defo rm ation  v a r ie d  g r e a t ly  in  d i f f e r e n t  g ra in s  ( f i g .2 .1 0 ) .
The d is lo c a t io n s  l i e  m ostly  in  t h e i r  s l i p  p lan es  ( f ig s .  1.21 and 2 -1 1) and 
appear as long screw s in  b a sa l  p lan e  f o i l s  ( f ig .2 .1 1 ) .  Sm all loops and jogs 
a re  f re q u e n tly  a s so c ia te d  w ith  th e s e  s c re w s ;. in  f i g . 2 .12  an in c l in e d  prism
p la n e  co n ta in s  a  la rg e  number o f sm all loop d e f e c ts .  S im ila r  o b se rv a tio n s
' 259 ,have been made i n  tita n iu m  s in g le  c r y s ta ls  .  A f te r  10^ s t r a i n ,  2400  p s i ,
in te r a c t io n s  betw een two system s a re  apparen t as s h o r t  segments o f d is lo c a t io n
ly in g  p a r a l l e l  to  th e  c -a x is  and having  th e  th i r d  B urgers v e c to r  ( f i g . 2 .1 3 ) .
A p o s s ib le  harden ing  e f f e c t  due to  t h i s  in te r a c t io n  has been su g g es ted  by
Damiano and Herman i n  Be . A f te r  15$ s t r a i n ,  th e  d is lo c a t io n  d e n s ity , i s
g e n e ra lly  much g r e a te r ,  w ith  la rg e  numbers o f  d ip o le s  and s e v e re ly  jogged
d is lo c a t io n s  ( f i g . 2 . 14 -  2 . 15)•
At t h e s e 's t r a i n s  th e  f i r s t  evidence o f s u b -s t ru c tu re  i s  a p p a re n t, as
long low-angle boundaries p a r a l le l  to  th e  tra c e s  of th e  predominant prism
s l ip  planes ( f i g .2 .1 6 ).
In  some g ra in s  ex tensive k ink  boundary networks a re  a lso  p re se n t.
These appear to  a c t  a s  b a r r ie r s  to  d is lo c a t io n s ,  w hich can be seen  en tan g led
in  th e  boundary i n  f i g .  2 . 17*
F ig .  2
F ig .2.
F ig .2 o
•4 Small p 012]  tw in nucleated  a t  a g ra in  boundary 
in  magnesium. Note accommodation kink boundary 
: a t  A. ' . •
; x 17,000
5 L arger [1012] tw in  and two k ink  boundaries 
(A, B) r a d ia t in g  from tv/in t i p .  .
x 14,000
(1012) tw in  in  magnesium. Twin boundaries 
a t  A, B,- d is lo c a t io n s  in  b a sa l p lan es  a t  C.
x  30,000
F i g . 2 .4
F ig .2 .5
- 3 4  -
F i g .2 .7  [ 1012] twin in  magnesium. Stacking faults? jn
b a sa l  planes cross the  twin and occur in the  
p a r e n t  ad jacen t to  the  tv/in i n t e r f a c e .
x 40,000
";T- / /  W L g
-  £ £  f >
•' 4
.i- ■■' Ac *  A
(TIOZ) iwui ~s ■
■ ■> t*hi-' - ■*•*bo ucuAa*y. '
* * • VPSgr
F i g .2.8
D is loca tion  d eb ris  a t  A where two twins on the
same system impinged Paren t c r y s t a l  in
-  35 -
x 20,000
*F ig 0£9 Extensive- lo c a l  s l i p  produced when a tv/in impinged 
on a g ra in  boundary AB in  magnesium.
x 12,000
F ig .2 .10  O p tica l, m ic ro g rap h .o f tita n iu m  s tr a in e d  showing 
prism  s l i p
x 300
Figo2.11 Long screw d is lo c a t io n s  in. prism  p lanes in  
t i ta n iu m  s tra in e d  jjfo*
x 22,000
F ig .2 .1 2  Sm all d e fe c ts  and jogged d is lo c a tio n s  behind a 
screw  d is lo c a t io n  in  tita n iu m
; x 48,700
F ig .2 .9
F i g .2.11
F i g . 2 .12
F ig .2 .10
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F ig .2.13
F i g .2 .14
D is lo ca tio n  in  t i ta n iu m  a f t e r  10$ s t r a i n  
showing in te r a c t io n s  between two s l i p  systems 
i s  becoming more f req u en t .
x 2 0 ,0 0 0
D is loca tions  in  t i tan iu m  a f t e r  1p$ s t r a i n ,  
showing h igh  d e n s i ty  of d ip o le s .
x 28,000
-  37 -
Fig. 2-.
F ig .2.
15 Small d is lo c a t io n  loops in  t i ta n iu m  a f t e r  
15$ s t r a i n
x 45?000
16 I n i t i a l  s tag es  of su b s tru c tu re  fo rm ation  in  
ti ta n iu m  s tr a in e d  15$
x 16,000
F ig .2 .17  Eank boundary in  tita n iu m  s tra in e d  15$
x 20,000
F ig .2.15
F ig .2.16
F i g .2 .1 7
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At s t r a in s  o f  ^ 2 5$ , th e  o p t ic a l  s l i p  t r a c e s  a re  le s s  s t r a ig h t  
( f i g . 2 .18 ) and w e ll developed polygon s t ru c tu re s  a re  developed as shown 
i n  f i g . 2 . 19 .
Only two ty p es  o f tw in  were found in  t i ta n iu m , namely [^01*2] and 
{1121]. They a re  r e a d i ly  d is t in g u ish e d  o p t ic a l ly ,  th e  {1012] appearing
wide and l e n t i c u l a r  and {1121] form ing many narrow in te r s e c t in g  lam e llae  
( f i g . 2 .2 0 ) . Some g ra in s  con tained  ex ten s iv e  tw inn ing  a f t e r  10$ s t r a i n ,  
and i t  became d i f f i c u l t  to  id e n t i f y  in d iv id u a l tw ins in  th in  f o i l s  ( f ig .2 .2 1 ) .  
F o r t h i s  reaso n  a s te re o g ra p h ic  tech n iq u e  was developed which f a c i l i t a t e d  
th e  i d e n t i f i c a t io n  o f  tw ins u s in g  e le c tro n  d i f f r a c t io n  p a t te rn s  from tw in  and 
p a re n t;  the  tech n iq u e  i s  d e sc rib ed  in  Appendix 2 .
The normal appearance o f  tw ins i s  shown i n  f i g . 2 .22 ; w ell developed 
.k in k  boundaries a re  o f te n  a sso c ia te d ’ w ith  th e  tw in s , and appear to  t r a v e r s e  
th e  tw in  w ithou t d i f f i c u l t y . ' However, c e r ta in  tw ins con ta ined  bands o f - 
h ig h  d is lo c a t io n  d e n s ity  near, th e  tw in  boundary. This i s  shown in  a [1012] 
tw in  i n  f i g . 2 .2 3 . The t i p  o f t h i s  tw in  i s  shown a t  h ig h e r m a g n if ic a tio n  in  
f i g . 2 . 24 j h e re  th e  d is lo c a t io n  band i s  a b se n t. ' A nother tw in  i s  shown in  
f i g . 2 . 25 ; d is lo c a tio n s  in  th e  bands a re  d i f f i c u l t  to  re s o lv e , bu t appear to  
be composed o f s e v e re ly  jogged d is lo c a tio n s  and o ccas io n a l s ta c k in g  f a u l t s .
S tack ing  f a u l t s  were o f te n  found w ith in  tw in s . I n  a d d it io n  to  b a sa l 
p lan e  f a u l t in g ,  non b a sa l f a u l t s  were a lso  v i s ib l e  in  {101*2 ] tw ins ( f i g . 2 .2 7  
and 2 .2 8 ) . The f a u l t in g  was a lso  p re se n t in  th e  p a re n t a d ja c e n t to  th e  tw in  
boundary. A narrow  {1121 ] tv /in  i s  shown in  f i g . 2 .2 6 . Small f a u l t s  a re
v i s ib l e  throughout, th e  le n g th  o f  th e  tw in , b u t th e  p lane o f th e se  f a u l t s  was 
no t id e n t i f i e d .  Even in  specim ens s t r a in e d  to  f r a c tu r e ,  s ta c k in g  .’’.f a u lts  
were never observed except a s s o c ia te d 'w ith  tw in s .
O ften bands o f  d is lo c a t io ^ ^ ^ ^ j - id e d  beyond th e  tw in  t i p  ( f i g . 2 .29 ) .
.T h is i s  observed in  b . c . c .  m e ta ls ; th e  d is lo c a t io n s  a re  co n sid ered  to  be s l i p  
d is lo c a tio n s  n u c lea ted  ahead o f th e  tw in  to  r e l ie v e  th e  s t r e s s e s  o r to  be 
em issary  d is lo c a tio n s  n u c lea ted  a t  th e  tw in  boundary. I n  th e  case  o f  {1121 ] 
tw inn ing  in  f i g . 2 .2 9  th e  d is lo c a t io n s  ahead o f th e  tw ins appear to  be  jogged. 
T h e ir  c o n f ig u ra tio n  su g g ests  th a t  th e se  d is lo c a t io n s  may have been produced 
when th e  tw ins c o n tra c te d  a f t e r  th e  s t r e s s  was removed. A s im ila r  
c o n f ig u ra tio n  o f d is lo c a tio n s  i s  found in  magnesium a f t e r  untw inning  and i s  
d e sc rib ed  in  C hapter 3 .
- 3 9  -
F ig .2.18
O ptica l micrograph, o f  ti tan ium  s t r a in e d  25$, 
showing wavy prism s l i p  t r a c e s
x 330
F ig 02.19 S u bs truc tu re  in  t i ta n iu m  a f t e r  25$ s t r a i n .
The c e l l  w alls  l i e  approxim ately p a r a l l e l  to  
the t r a c e s  of the prism s l i p  planes
x 10,000
-  40 -
F i g . 2.20 _ _
Wide [1012] type twins (A) and narrow [1121]
type  twins (B) in  t i ta n iu m .
x 300
F ig .2 .21  High twin d e n s i ty  in  t i tan iu m  a f t e r  10$ s t r a i n
x 9000
-  41 -
VF i g .2 .2 2
[1012] twin in  t i ta n iu m . Note p a r a l l e l  twin 
boundaries and low angle boundary t ra v e r s in g  
tw in  a t  A,
-  42 -
x 23,000
F ig .2.23 [1012] tw in  in  ti ta n iu m , showing band o f
d is lo c a t io n s  in  tw in  b esid e  tw in  boundary (A)
■ ' x  6000
F ig .2 .
F ig .2.
F ig  o 2.
24 Tip o f tw in  in  F ig .2.23
x 17,500
25 [1012] tw in  in  t i ta n iu m . Twin boundaries a t  A.
Dense band o f d is lo c a t io n s  in  tw in
x 20,000
16 Harrow [1121] tw in  in  t i ta n iu m , showing many, 
s ta c k in g  f a u l t s  t r a v e r s in g  tw in .
x 30,000

F igo2e27 S tack ing  f a u l t s  in  £ 1012J tw in  
and in  p a ren t t i ta n iu m x 26,000
F ig 02 .
P ig .2 ,
IQ B asal p lane and non-hasal s ta c k in g  f a u l t s
in  110T2] tw in  in  tita n iu m . B asal p lane  f a u l t  
a t  A, [1010] f a u l t  p lane  a t  B. U n id e n tif ie d  
f a u l t  p lane a t  C
x 30,000
>9 D is lo c a tio n  Bands ahead o f tw ins in  t ita n iu m . 
T h e ir c o n fig u ra tio n  su g gests  th e y  were produced 
d u rin g  untw inning •
x  13,000

. CHAPTER. 3 '
I r r e g u la r  Twin. Grovrbh and C o n trac tio n
The s ta g e s  in. th e  fo rm ation  o f a tw in  a re  co n v en ien tly  d iv id ed  
in to  a n u c le a tio n  s ta g e , which i s  sometimes d i f f i c u l t '  and r e q u ire s  h ig h  
s t r e s s e s ,  and a grow th s tag e  which proceeds a t  lower s t r e s s e s .  The 
f a c to r s  c o n tro l l in g  tw in  n u c le a tio n  in  h .c .p .  m e ta ls  a re  no t a t  p re se n t 
w e ll d e fin ed ; t h i s  i s  d iscu ssed  f u r th e r  in  c h a p te r s '5 'and 6 . The 
p re se n t c h ap te r i s  concerned w ith  tw in  grow th and c o n tra c tio n  hy th e  
p ro g re s s iv e  d isp lacem ent o f  tw in  b o u n d aries .
The models proposed fo r  tw in  grow th in v o lv e  tw inning d is lo c a t io n s  
g l id in g  in  p lan es  p a r a l l e l  to  th e  tw inning p la n e . S u ita b le  cho ice  o f 
B urgers v e c to rs  can p rov ide  th e  n ecessa ry  m acroscopic s h e a r , b u t a d d it io n a l  
s h u f f le s  a re  re q u ire d  i n  th e  double l a t t i c e  s t r u c tu r e  as d iscu ssed  in  
C hapter 1. To m inim ise i n t e r f a c i a l  energy, tw in  in te r f a c e s  ten d  to  be 
p la n a r  f . e .  c o h e ren t. When th e  tw in  boundary d e v ia te s  from th e  tw inning  
p lan e  (in co h eren t tw in  boundary) th e  number o f tw inning  d is lo c a t io n s  and 
th e  i n t e r f a c i a l  energy in c re a s e s .
In co h eren t tw in  boundary reg io n s  a re  produced in  {101*2}'tw in s  in  
z in c  and magnesium by th e  s t r e s s e s  around a m icrohardness im p ress i^ S ?^^^3'^ ^ .  
Some examples a re  shown in  f i g . 3 . 1a f o r  a (1012) tw in  ly in g  in  a su r fa c e  
p a r a l l e l  to  (101*0). Three im pressions a re  v i s i b l e ,  one in  th e  tw in  and 
'tw o i n  th e  p a re n t .  Since tw in  grow th causes c o n tra c tio n  and e x te n s io n  
normal and p a r a l l e l  to  th e  c -a x is  re s p e c t iv e ly ,  th e  com pressive s t r e s s e s ,  
a c tin g  r a d i a l l y  around an in d e n te r  cause th e  d isp lacem en ts  shown diagram - 
m a tic a lly  i n  f i g . 3 .2 .  Below th e  inden ted  su rface , ( f ig .3 .1 b )  th e  tw in  has 
grown lo c a l ly  to  r e l ie v e  th e  s t r e s s  (a t  A) produced by th e  im p ress io n  in  th e  
tw in  and two sm all volumes o f tw in  a re  n u c lea ted  a t  B below th e  im p ressio n s  
i n  th e  p a re n t. The in co h eren t tw in  in te r f a c e s  a re  c le a r ly  u n s ta b le  and 
degenera te  in to  s e v e ra l  narrow and more coheren t tw in  in te r f a c e s .  The 
tw inning  d is lo c a t io n s  were spaced about a p a r t  i n  the  u n s ta b le  in te r f a c e s .
The absence o f ex ten s iv e  e l a s t i c  tw inn ing  in  m eta ls  has been
a t t r ib u te d  to  th e  occurrence o f s l i p  modes which in te r f e r e  w ith  th e  tw inn ing
p r o c e s s ^ ^ .  T his i s  c o n s is te n t  w ith  th e  h y s te r e s is  e f f e c t s  o f te n
a sso c ia te d  w ith  t w i n n i n g " ^ a n d  th e  f a c t  t h a t  untw inning may be more
271d i f f i c u l t  th an  e i th e r  tw in  grow th o r tw in  n u c le a tio n  V E tch  p i t
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( o o o i )  PLANE
Fig.3.2
TWIN
( lO T 2 )  TWIN BOUNDARY
[OOOl] 1
TWIN BOUNDARY D I S P L A C E M E N T S  IN M A G N E S I U M  
PROD U C E D  BY AN INDENTER
F ig .3.3
ft
F i g . 3 .4
experiments have shown th a t  in  non-m eta llic  c ry s ta ls  l a t t i c e  d efec ts  are  
generated  during tw in growth, and c o n tra c t io n ^ ^ 5^ ^ .
There are  few experim ental observations on th e  movement of in d iv id u a l 
in te rfa c e s  in  h .c .p .  m eta ls, a lthough the r e v e r s ib i l i ty  o f [1012} tw inning 
has been dem onstrated in  z in c , magnesium and titan iu m  fo r  nearly  coherent 
in te r f a c e s .  In  th i s  chapter i t  i s  shown th a t ' a tw in in te r fa c e  o ften  
becomes incoherent and th a t  l a t t i c e  im perfections in  the  form of d is lo ca ­
t io n  d eb ris  and microtwins may be generated in  the p a th  o f a moving tw in 
boundary. The conditions favouring the form ation o f th ese  m icrotw ins are 
considered and compared w ith  th e  e f fe c ts  of su rface  ox idation  on subsequent 
tw in growth. Secondary tw inning in  the paren t tw in may also  preven t the 
sim ple re v e rsa l of the tw in growth process; some secondary tw inning e f fe c ts  
in  magnesium a re  d iscussed  b r ie f ly .
3.1 Twin Growth
The most im portant f a c to r  in flu en c in g  the  movement o f a tw in boundary 
i s  the d is lo c a tio n  s tru c tu re  in  th e  surrounding c ry s ta l .  In  f i g . 3*3 a . 
■twin in  cadmium has grown and b asa l s l ip  has subsequently  impinged on the  
tw in  and caused th e  ir r e g u la r  in te r f a c e .  In  magnesium ( f i g .3 *4) tw in  
growth followed s l ip  in  the p aren t and s te p s  a re  presen t in  one in te r f a c e .
A s im ila r  sequence i s  shown in  titan iu m  in  f i g . 3 -5* {1012} tw ins in  ,
titan iu m  freq u en tly  ex h ib it w ell developed fa c e ts  ( f i g .3*6a) which l i e  
p a r a l le l  t o 't h e  tra c e s  o f prism s l i p .  This has a lso  been rep o rted  in  
zirconium . These incoherent fa c e ts  sometimes degenerate as shown in  
f i g . 3 . 6b in  a manner s im ila r  to  th a t  dep icted  in  f i g . 3 . 1* Consequently 
sm all microtwins in  parent o r ie n ta tio n  become embedded in  th e  growing tw in . ;
3 .2  Twin C o n trac tio n  _  -
[1121J tw ins in  titan iu m  normally appear as narrow p a r a l le l  lam ellae 
( f ig .2 .2 0 ) .  When such twins a re  produced by bending, rev ers in g  th e  s t r e s s  
causes very i r r e g u la r  tw in  in te r fa c e s  to  develop ( f i g .3 . 7)* However only 
one In te rfa c e  in  each tw in appears to  have moved. This i s  f re q u e n tly  
observed and many workers have concluded th a t  one tw in  boundary i s  more 
mobile than  th e  o th e r1^ ’2^ .  S im ilar behaviour i s  shown in  f i g . 3 .8 ; 
here- one tw in in te r fa c e  i s  i r r e g u la r  on a sm all sc a le  (a t A) w h ils t  the  
o th e r tw in system has leng ths o f coherent in te r fa c e  between incoheren t 
r e g io n s .(a t  B) w ith  fa c e ts  again  developing p a r a l le l  to  th e  prism  s l i p  
t r a c e s .  Two in te rs e c tin g  [1121 } tw in systems are  shown in  f i g . 3.*9 a f t e r
-  47>
F ig ,3«5 I r re g u la r  tw in in te rfa c e  in  }10T2] tw in in  
titan iu m
x  260
F i g , 3 06a F ace ts  developed in  [1012 ] tw in in te r f a c e  in  
t i t a n iu m 0 Note e f f e c t  i s  confined to  one 
i n t e r f a c e .
x 400
F i g .3 . 6b Breakdown of tw in  i n t e r f a c e  f a c e t  in  t i ta n iu m . 
Small volumes of pa ren t o r ien ted  c r y s ta l  
embedded in  tw in a t  A.
x 340
F ig .3*7 I r r e g u l a r  [1121 j tw in in te r f a c e  produced during 
untw inning.
x 560
iftn-'f ~
F ig .3.
F ig .3.
F ig .3 .
8 I r r e g u l a r  [1121] twin, in te r f a c e s  i n  t i ta n iu m  
a f t e r  untw inning. Note small accommodation 
kinks near B and f a c e t s  p a r a l l e l  to  prism s l i p  
t r a c e s .  ^
9 Untwinning on two in te r s e c t in g  [1121} systems in  
t i ta n iu m . One system almost completely untwinned 
except fo r  i n t e r s e c t i n g  p o r t io n s  e .g .  a t  A and 
sm all tw in fragments a t  B.
x 780
10 Twins in  magnesium
(a) Chemically p o l ish e d .  Note absence of etched 
in te r f a c e  between secondary twins and parent 
m atrix  a t  A.
(b) Same area  as (a) a f t e r  untw inning.
Normal tw in c o n tra c t io n  in  twin 2. C ontraction  
of pa ren t tw in segments a t  B. Note absence of 
su r fa c e  t i l t  in  secondary twins a t  A.
x 620
F ig .3.11 (1012) tw in  in  magnesium a f t e r  untwinning, showing 
s tac k in g  f a u l t  and d i s lo c a t io n  d e b r i s -
x 3 0 ,0 0 0
F ig ,3 .8
Fig • 3 • 10b
Fig. 3.11 -  49 -
untw inning . The p o in ts  o f in te r s e c t io n  rem ain, o f te n  a sso c ia te d  w ith  
accommodation k inks (a t  A)*> Ono tw in  system  has m ostly  untwinned 
com pletely , hu t sm all tw in fragm ents aro  v is ib lo  a t  B.
A moro complex untw inning sequence may a r i s e  when secondary tw inn ing
o c cu rs . In  f ig .3 .1 0 a  a tw in  c o n ta in in g  secondary tw ins produced during
untw inning s l i g h t l y  i s  shown a f t e r  chem ical p o lis h in g . ' S ince no in te r f a c e
etched  up a t  p o s i t io n s  marked A th e  secondary tw ins co n ta in in g  A must be .
near th e  m a trix  o r ie n ta t io n .  This i s  p o s s ib le  i f  th e  secondary tw ins
occur on th e  second undeformed tw inn ing  p lane  ^ e .g .  i f  th e  p a ren t tw in
in te r f a c e  i s  p a r a l l e l  to  (1012) tw inn ing  p lane and th e  secondary tw in
p a r a l l e l  to  (1012) p la n e , th e  m is o r ie n ta tio n  between th e  secondary  tw in  
1 oand m a trix  is '^Y 's • I f  s u i ta b le  m obile k in k  boundaries a re  d i s t r ib u te d  
in  th i s  re g io n , th e  secondary tw in /m a trix  in te r f a c e  w i l l  approxim ate to  a 
low angle  boundary.
To cause untw inning th e  s t r e s s  on th e  specimen was rev e rsed  ( f ig .3 .1 0 b ) .  
Twin 2 untwinned by c o n tra c tin g  in  th e  normal manner, as rev ea led  by th e  
d isp la c e d  b o u n d a rie s . In  tw in  1 th e  segments o f p a ren t tw in  have each 
untwinned as shown by th e  d isp la ce d  boundaries a t  B bu t no su rfa c e  t i l t  i s  
apparen t in  th e  secondary tv/ins a t  A: thus th e  l a t t e r  no lo n g e r appear to
behave as tw in s .
The appearance o f tw ins in  th in  f o i l s  tak en  from te n s i le  deformed 
m a te r ia ls  has been desc rib ed  in  C hapter 2 . The tw in  may be r e l a t i v e l y  
f r e e  o f d is lo c a tio n s  o r co n ta in  th e  normal s l i p  d is lo c a t io n s .  ‘ However 
sometimes a h ig h  d is lo c a t io n  d e n s ity  i s  apparen t in  th e  tw in  near th e  tw in  
boundary. A fte r  un tw inning , th e  m a jo r ity  o f  tw ins p re sen t in  th in  f o i l s  
showed a very  h ig h  d is lo c a t io n  d e n s ity  in  th e  p a re n t c r y s ta l  a d ja c e n t t o '  
th e  tw in  boundary. This d e b r is  was o f te n  d i f f i c u l t  to  re s o lv e , b u t appeared 
to  be composed o f d ip o le  loops and se v e re ly  jogged d is lo c a t io n s .  S tack ing  
f a u l t s  were a lso  found in  th e se  re g io n s . Examples o f b a sa l p lan e  f a u l t s  
an d .d ip o le s  in  magnesium a re  shown in  f i g s . 3.11 and 3*12. The form er i s  
s im i la r  to  f i g . 2 .2 9  showing d is lo c a t io n s  ex tending  from a tv/in in  t i ta n iu m .
In  f i g . 3 . 12a th e  f o i l  i s  n e a r ly  p a r a l l e l  to  th e  b a sa l p lane  and th e  d ip o le s  
l i e  normal to  th e  screw  d is lo c a t io n  ly in g  in  th e  tw in  boundary. I n  
f ig .3 .1 2 b  th e  f o i l  i s  p a r a l l e l  to  a  prism  p lane  and th e  d is lo c a t io n s  and 
s ta c k in g  f a u l t s  l i e  p a r a l le l  to  b a sa l p lane  t r a c e s ;  no te  th e  low d is lo c a t io n  
d e n s ity  in  th e  p a re n t away, from th e  tw in  boundary. . tA s im ila r  d e b r is
F i g .3 . 12a D is lo ca t io n  d ip o le s  beside  (1012) tw in  in  magnesium.
Twin A, paren t B - p a r a l le l  to  (OOOl).
x 40,000
F i g .3 . 12b D is lo ca t io n  d e b r is  b es id e  (10T2) tw in in  magnesium a f t e r  
untw inning. Twin A, paren t B p a r a l l e l  to  (1100)
x 20,000

d is tr ib u tio n , i s  apparent ad jacen t to  11121] tw in boundaries in  titan iu m  . 
a f t e r  tw inning and untwinning ( f i g .3 . 13) .  The d eb ris  in  th ese  examples 
i s  believed  to  a r is e  from in te ra c tio n s  between the d is lo ca tio n s  g l i s s i l e  
in  th e .tw in  and th e  moving tw in boundary during untwinning.
3-3 Behaviour of Incoherent Twin In te rfa c e s  '
Since incoherent tw in in te r fa c e s  are  produced during growth and 
co n trac tio n  of tv/ins fu r th e r  experiments were ca rrie d  out to  study  the  
e f fe c t  of the presence of such in te rfa c e s  on subsequent tw in boundary 
movement. Zinc and magnesium p o ly c ry s ta ls  were used having a b a sa l plane 
te x tu re .  Incoherent reg ions were introduced by a R eichert M icrohardness 
t e s te r 'w i th  a pyram idal in d en te r under a 5 grm load . The deform ation 
produced in  h .c .p .  m etals by m icrohardness in d en ta tio n s  has been s tu d ied
*1 A C  A  r j / T  '  >'■ .
in  d e ta i l  9 • The indented tw ins in  zinc and magnesium are  shown
schem atically  in  f i g s . 3.14  and 3 . 15* sense o f the  displacem ents can'
be deducted from f i g . 3 .2 , remembering th a t th e  dim ensional changes 
produced by [1012} tw inning in  zinc are  in  the. opposite  sense to  those  in  
magnesium.
In  order to  show the  sequence of events during tw in growth and 
c o n trac tio n , th e  tv/in boundaries were repeated ly  d isp laced  and chem ically 
p o lished : su rface  t i l t s  produced by the boundary displacem ents a re
apparent before p o lish in g  w hile a f te r  po lish ing  su rface  grooves mark 
successive boundary p o s itio n s .
A zinc specimen was twinned^ chem ically po lished  and four in d en ta tio n s  
made w ith in  a tw in . F ig .3* l6a  shows th a t  tw in co n trac tio n  occurred to  
produce incoherent tw in boundary regions e .g . a t  x , in  agreement w ith  
previous work^l^. T his-tw in  was then  grown fu r th e r  f i g . 3 . 16b. One 
boundary was d isp laced  more than  the o ther and in  th is  in te r fa c e  sm all 
boundary curvatures are  p re se n t-a t Ay B, C and D, opposite  the  o r ig in a l  
incoherent boundary reg ions; the  cusps a re  jo in e d 'to  the  o r ig in a l  boundary 
p o s itio n  by s tr a ig h t  l in e s  corresponding to  sm all su rface  t i l t s .  These 
fe a tu re s  are  c le a re r  a f te r  a s l ig h t  chemical p o lish  ( f ig .3 .1 6 c ) ,  when sm all 
secondary tw ins are  revealed w ith in  the paren t tw in a t A. The tv/in was 
grown s t i l l  fu r th e r  and chem ically polished  and successive  p o s itio n s  of the  
tw in boundaries can be seen in  f i g . 3*l6d. The o th er boundary was a lso  
d isp laced  and sm all secondary tw ins now appear a t  Br and a d d itio n a l twins 
a t A. Boundary curvature i s  p resen t a t  A, A1, C 1 and D* but only  su rface  
t i l t s  remain to  mark the  p a th  of th e  boundary to  B, C and D. (A t'T  a 
tw in on another system impinged on the  tw in being s tu d ie d ) .
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* ^
P ig .3 . D is lo ca tio n  d e b ris  b eside  (1121) tw in  in  
tita n iu m  a f t e r  untw inning . Twin A, 
pa ren t B.
x 60,000
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Schematic i l l u s t r a t i o n  o f the tw in in te r f a c e  displacem ents 
produced in  a ( 1012) tw in by the  s t r e s s e s  around a micro­
hardness in d e n ta t io n .  In d e n ta t io n  made in  tw in ly in g  in  
a (0001 ) su r fa ce
F ig .3 .1 4  Twin in  z inc . Local c o n tra c t io n  of the  twin 
occurs and the  tw in  in te r f a c e  i s  d isp laced  
inw ards•
(a) S ec tio n  p a r a l l e l  to  ( 1210 )
(b) Section  p a r a l l e l  to  (0001)
When the boundary i s  d isp laced  in  the  d i r e c t io n  
o f  the  arrows, microtwins having the parent 
o r i e n ta t io n  may remain in  th e  tw in .
F ig .3*15 Twin in  magnesium. Local growth of the tw in 
occurs and the  tw in in te r f a c e  i s  d isp laced  
outw ards.
(a) Sec tion  p a r a l l e l  to  ( 1210 )
(b) Sec tion  p a r a l l e l  to  (0001)
When the  boundary i s  d isp laced  in  the  d i r e c t io n  
of the  arrows microtwins having the twin 
o r i e n ta t io n  may remain in  th e  p a re n t .
TWINNING SH E A R  
01 RECTI ON FOR  
CO NTR ACTION .ACCOMMODATION KINK 
B O U N D A R IE S .
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MATRIX
( iz T o )
TWIN
i'ioTz Vtwim boundary.-
I {[0001]
DoTo]
TW IN T W IN N IN G  SH E A R  DIRECTION  
FOR GROWTH.
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KINK B O UND ARIE S
M A G N E S I U M
MATRIX
( i z T o )
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( i o T 2 ) t w i n  b o u n d a r y
47'
[lOTo]
TWINMATRIX
Figo 3.15
Fig«3 .16 E ffec t of incoherent tw in in te rfa c e s  on the
growth of a (10T2) tw in in  zinc» P arent su rface  
approxim ately p a r a l le l  to  (0001)
(a) Surface twinned, e lec tro p o lish ed , and tw in 
inden ted . Twin boundaries d isp laced  
according to  f i g . 3 .1.4b
(b) , Twin grown
(c) Surface e lec tro p o lish ed
(d) Twin grown f u r th e r  and su rfa ce  e le c tro p o lish e d
(see  t e x t )
x 250
-  55 -
, • Twin growth, and co n trac tio n  was stud ied  in  magnesium. A tw in was 0 ‘ *
-formed and indented  to  produce outward displacem ents of th e  tw in boundary
145and hence incoherent regions . These regions p e rs is te d  during sm all
increm ents of tw in growth because of the  re s id u a l s tre s se s  remaining in
147 'the. l a t t i c e  a f t e r  the  in d en te r i s  removed ‘9 but even tually  a f t e r  la rg e  
boundary displacem ents the boundary re v e r ts  to  'a normal p lan ar in te r fa c e :  
no microtwins were found "behind th ese  moving incoherent reg io n s.
A sequence i l lu s t r a t in g  the behaviour o f incoherent reg ions in  
magnesium during untwinning i s  shown in  f i g . 3 . 17. The incoherent reg ions 
a re  produced a t  A, B, C and A1, B*, ' in  tw in 1 by inden ting  and ,
s im ila r ly  in  tw in 2: note th e  accommodation kinks in  th e  paren t m atrix
beside the boundaries AC and BE. Subsequent bending caused tw ins 1 and 
2 to  grow s l ig h t ly  and f re s h  twins on the same system to  n u clea te  and grow 
a t 3 and 4 i& f i g . 3 . 17k5 incoherent regions are  produced in  tw in 4. a t 
C and B and in  tw in 3 a t  B and E, by the  re s id u a l s tr e s s e s .  The s t r e s s  
was thenvreversed  to  cause untv/inning ( f ig .3 .1 7 c ) 5 th e  incoheren t reg ions 
a t  B? C and B were ro jo c ted  by the co n trac tin g  tw ins and remained in  the 
paren t l a t t i c e  as microtwins asso c ia ted  w ith accommodation k in k s. In  
a d d itio n  a small tw in segment from tw in 5 a lso  remained a t P a f te r  an 
apparen tly  p e rfe c t tw in t i p  co n trac ted .
3-4  ■ E ffec t of Surface Oxidation on Twin Growth
Twin growth in  magnesium was markedly a ffe c te d  by p r io r  su rfa ce  
o x id a tio n . Specimens were chem ically  po lished  and oxidised by h ea tin g  
in  a i r .  \7hen during subsequent tw inning a tw in boundary encountered la rg e  
oxide p a r t ic le s ? lo c a l  boundary displacem ents occurred e .g . a t  A, 
in  f i g . 3*18. These displacem ents are  s im ila r  to  those produced in  twins 
by inden ting  the  b a sa l p lane of magnesium as shown in  f i g . 3 .2 .
P ig .3-19 shows a tw in growth in  a su rface  a f te r  ox id ising  to  produce 
f in e r  oxide p a r t ic le s .  In  the  tw in m atrix  sm all secondary tw ins a re  
asso c ia ted  T /ith oxide p a r t ic le s .  The tra c e s  o f th e  secondary tw inning 
planes are p a r a l le l  to  the  paren t tw in plane tra c e  and a r is e  from th e  
pinning of th e  moving boundary b y .th e  oxide p a r t ic le s .  The pinning  p o in ts  
produce incoherent boundary reg ions which subsequently  become embedded in  
th e  growing tw in  as microtwins of m atrix  o r ie n ta tio n . The sequence i s  
analogous to  the form ation of microtwins from moving incoheren t tw in 
boundaries in  z inc (p a ra .3 .3) .
,  -  56 -  ..
F ig .3*1? E ffec t of incoherent tw in in te rfa c e s  on the 
growth and c o n trac tio n  of a (1012). tw in in  
magnesium. Parent su rface  approximately 
p a r a l le l  to  (0001)•
(a) Surface e le c tro p o lish e d , twinned and
tw in inden ted . Twin boundaries d isp laced  
as in  f i g . 3 . 15k>*
• (b) Twin grown fu r th e r
(c) Twin p a r t ia l ly  untwinned
(d) Twin untwinned fu r th e r
(see te x t)
x 260
F ig„3 .17
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E ffe c t o f su rfa c e  o x id a tio n  in  a i r  a t  400°C on subsequent 
[1012] tw in  growth, in  magnesium.
Pigo3.l8 Local tw in  boundary disp lacem ent due to  oxide 
p a r t i c l e s  a t  A.
x 400
P ig .3«19 M icrotwin asso c ia ted  w ith oxide p a r t ic le s
x 225
P igo3 .2 0 ) Twin boundary p inn ing  and tw in  n u c le a tio n  
F ig .3 * 2 l j  a s s o c ia te d  w ith  oxide p a r t i c le s
x 225
F i g . 3 .20
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F i g .3.21
A more complex tw in co n fig u ra tio n  due to  ox ida tion  i s  sometimes 
observed and an example i s  shown in  f i g s .3.20 and 3 .21: th e  oxide
p a r t ic le s  have pinned the moving boundary and a lso  caused tw ins to  occur 
on o th e r systems ad jacen t to  the' growing-twin in te r f a c e .
3-5 D iscussion
The r e s u l ts  show th a t  s l i p  d is lo c a tio n s  cause ir r e g u la r  tw in  in t e r ­
faces to  develop and d is lo c a tio n  d eb ris  to  be formed by in te ra c t io n s  a t 
moving tw in in te r f a c e s .  Incoherent regions in  tw in  in te rfa c e s  may give 
r i s e  to  microtwins during subsequent tw in in te r fa c e  movement.
The e f fe c t  o f lo c a l compressive s tre s se s  produced by a m icrohardness
145 14V 176in d en te r on deform ation tw ins in  c .p .h .  m etals i s  d iscussed  elsew herd^5 1 
In  th e  p resen t experiments microtwins-sometimes* formed‘d u ring  th e  d isp lace ­
ment o f incoheren t tw in boundary reg io n s. The appearance of indented  twins 
in  th e  b asa l p lanes of zinc and magnesium i s  shown schem atically  in  f i g s .3.14 
and 3-15 the  tw in boundaries are  d isp laced  inwards in  zinc, and outwards in
-145
magnesium and accommodated by s u ita b le  kink boundaries. I f  th e  tw in
boundaries are  subsequently  moved towards the  cen tres  of cu rvatu re  of th e
incoheren t reg ions (arrowed in  f i g s . 3-14 and 3 *15) microtwins in  th e  tw in
o r ie n ta tio n  a re  produced in  th e  paren t magnesium and m icrotwins in  th e
p aren t o r ie n ta tio n  in  the tw in in  z in c : th ese  displacem ents correspond to
tw in c o n trac tio n  in  magnesium and tw in  growth in  z in c . A lte rn a tiv e ly  in
f i^ .3 -1 4  and 3-15 m atrix  can be considered to  be th e  tw in and th e  tw in to
be the  m atrix : th e  movement of th e  tw in  boundary in  -the same d ire c t io n  to
produce microtwins w ill  then be equ ivalen t to  tw in growth in  magnesium and
tw in co n trac tio n  in  z inc .
*" *
Whenever a tw in  encounters lo c a l  l a t t i c e  d is to r t io n s ,  th e  tw in  w ill
attem pt to  r e lie v e  the .s t r a in  by producing lo c a l boundary d isp lacem ents.
Prom the known behaviour of tw ins under s tr e s s  (Chapter I .IV ) i t  i s  p o ss ib le
to  define approxim ately th e  conditions under which micro tw in  form ation  w il l
be favoured: th i s  has been done in  Table 3-1 f o r  zinc and magnesium.
When th e  conditions- a re  favourable ,• th e  magnitude o f the  s t r e s s  w i l l  be the
deciding fa c to r  s in ce  microtwins w il l  tend to  occur when th e  d isp laced  i n t e r -
145faces approach th e  maximum degree of incoherency . .
The m o b ility  o f the  paren t tw in boundary w il l  be increased  by th e  . 
r e je c t io n  of th e  incoherent in te rfa c e s  in  the  form of- m icrotwins and the
l a t t e r ,  when a sso c ia ted  with-accommodation kink  boundaries a re  expected to
275 •be p a r t ic u la r ly  s ta b le  con figu ra tions although the  m icrotwins may remain
: :  >  59  -  ■'  ;
‘ TABLE 3.1
EFFECT OF RESIDUAL STKESSFS OB MI(^OTmT-FORHATIOB 
DURING TWIN GROWTH AND CONTRACTION
S tre s s  System 
in  P aren t M atrix
Twin in  Magnesium Twin in  Zinc
growing c o n tra c tin g growing c o n tra c tin g
Compressive s t r e s s  
p a r a l l e l  to  th e  
a -a x is
m icrotw ins 
formed in  
p a re n t m a trix
m icrotw ins 
formed in  
tw in
-
Compressive s t r e s s  
p a r a l l e l  to  th e  
c -a x is
‘m icrotw ins 
formed i n  
tw in
' ’ —
m icrotw ins 
formed in  
p a re n t m a trix
T en s ile  s t r e s s  
p a r a l l e l  to  th e  
a -a x is  ^
m icro tw ins 
formed i n  
tw in
— -
m icro tw ins 
formed i n  
p a re n t m a trix
T e n s ile  s t r e s s  
p a r a l l e l  to  th e  
c -a x is
-
m icrotw ins 
formed in  
p a re n t m a trix
m icrotw ins 
formed in  ' 
tw in  m a trix
—
ex trem ely  in c o h e re n t. The s t a b i l i s i n g  e f f e c t  o f 'k in k  boundaries on
in co h eren t tw in  in te r f a c e s  i s  c o n s is te n t  w ith  th e  r e je c t io n  o f th e  tw in
t i p ,  a re g io n  of h ig h  incoherency , by th e  tw in  3  a t  F i n  f ig .3 „ 1 7 d  and
f o r  th e  g rea te r , s t a b i l i t y  o f wedge shaped tw ins over th a t  o f p a r a l l e l
s id e d  tw ins in  bismuth^
. Oxide film s  a re  known to  in c re a se  th e  tw inning  s t r e s s ,  b u t th e  
5
mechanism i s  obscure . The e f f e c t  of o x id a tio n  on tw inning  in  th e
p re se n t experim ents a re  a t t r ib u te d  to  lo c a l  su rfa c e  s t r e s s e s  s e t  up in
th e  m etal by th e  oxide f i lm . The volume r a t i o  o f magnesium oxide i s  < 1
acco rd ing  to  th e  P illin g -B ed w o rth  r u le ,  which su g g es ts  com pressive s t r e s s e s
should  be g en era ted  in  th e  m eta l a t  th e  m e ta l/o x id e  i n t e r f a c e * ^ .  I n
p ra c t ic e  th e re  i s  no sim ple r e la t io n s h ip  between th is .v o lu m e  r a t i o  and th e  
276 277m agnitude and s ig n  o f  th e  s t r e s s e s  in  th e  oxide f ilm  and i t  i s  not
y e t p o ss ib le  to  p re d ic t  th e  e f f e c t  o f oxide f ilm s  on tw in  grow th. However
oxide p a r t i c l e s  can be re sp o n s ib le  fo r  th e  outward and inward d isp lacem en ts
’ o f  th e  -twin boundary and boundary p in n in g , depending on th e  s u r fa c e  •
o r ie n ta t io n  and tw in  system  co n sid e red . These d isp la ce d  re g io n s  a re
s im ila r  to  th o se  produced by in d e n tin g  and can lik e w ise  g iv e  r i s e  to  m icro -
tw in s . I t  i s  in te r e s t in g  to  no te  th a t  Kosevich e t  have
found s im ila r  lo c a l  "bending" o f tw in  in te r f a c e s  when tw ins encountered
in c lu s io n s  or deformed reg io n s  i n  NaNO^, Sb, B i, Sn and Zn.
The e f f e c t s  due to  o x id a tio n  must be confined  to  a th in ,  s u r fa c e  la y e r :
s im i la r ly  th e  o b se rv a tio n s  o f m icro tw in  fo rm atio n  were r e s t r i c t e d  to. tw inning
a t  o r s l i g h t ly  below th e  f r e e  s u r fa c e .  L im ited  d a ta  on th e  e f f e c t  o f
in d e n tin g  on tw in  boundary d isp lacem en ts in d ic a te  a s im ila r  tw inn ing
145behav iour a t  and below th e  f r e e  su rfa c e  th u s  lo c a l  s t r e s s  system s
around p r e c ip i ta te s  and in c lu s io n s  a re  a lso  expected to  in f lu e n c e  tw inn ing
w ith in  th e  b u lk  m a te r ia l .  Some evidence fo r  t h i s  i s  re p o r te d  in  b e ry lliu m ,
1 6 q ■
where in te r m e ta l l ic  p a r t i c le s  pinned £1012} tw in  boundaries
The occurrence  o f  secondary tw ins w ith in  th e  p a re n t tw in  c o n s id e ra b ly  
com plicates th e  untw inning p ro c e ss . I n  f a c t  i t  i s  u n lik e ly  t h a t  such 
tw ins w i l l  be capab le  o f com pletely  untw inning to  th e  p a ren t m a tr ix  o r ie n ta ­
t i o n .  Secondary tw inn ing  on th e  second undeformed tw inning  p lan e  i s  a 
s p e c ia l  case : i n  f ig .3 .1 0 , th e  untw inning p ro c e ss , a lth o u g h  le a d in g  to
m a tr ix  o r ie n ta t io n ,  d i f f e r s  from th e  grow th p ro cess  and th e  untw inned 
re g io n  may co n ta in  numerous accommodation k in k  b o u n d a rie s .
Damage a s so c ia te d  with, k in k  /boundaries and secondary tv /inning lias
280 281been re p o rte d  a f t e r  u n id i r e c t io n a l  deform ation  in  s in e  J and-
1 *53 —magnesium . Secondary tw ins and kinks, a s so c ia te d  w ith  [30341 type
282 280tw ins in  magnesium a re  o f te n  r e la te d  to  th e  f r a c tu r e  p a th  . Gilman 
suggested  th a t  th e  m arkings observed in  £1012] tw ins formed in  s in e  a f t e r  
la rg e  amounts o f p r io r  s t r a i n  were due to  sm all reg io n s  o f th e  m atrix: 
th a t  had not tw inned w ith  th e  r e s t  o f th e  tw in  hand: th i s  ag rees  w ith '
th e  o b se rv a tio n s  re p o rte d  in  t h i s  paper and in d ic a te s  th e  e f f e c t  o f  g l id e  
d is lo c a tio n s  on tw in  grow th.
Ih e  p re se n t experim ents su g g es ts  th a t  tw inn ing  i s  not always a homo­
geneous p l a s t i c  defo rm ation  p ro c e ss . I t  w i l l  be shown th a t  under c y c lic  
s t r e s s  c o n d itio n s  th e  tw in  boundary damage may e v e n tu a lly  le ad  to  c rack  
n u c le a tio n .
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CHAPTER 4
E ffec t of Cyclic S tresses  on th e  M icrostructu re  of H«C.P.Metals 
4.1 Previous O bservations on Fatigued C ry s ta llin e  Solids
The su b je c t o f  fa t ig u e  has penetrated , many d is c ip l in e s  and p re se n ts  
some o f th e  most in t r ig u in g  problems in  th e  defo rm ation  o f  s o l id s .
0 Q0
Manson . has guoted th e  number o f papers p u b lish ed  on fa t ig u e  c i te d  by 
A.S.T.M. as 1000 p e r annum, w ith  a 15$ annual in c re a s e . Beading one 
r e p o r t  every  working day one la g s  behind th e  l i t e r a t u r e  a t  th e  r a te  of- 
3 y ears  fo r  every y e a r re a d .
F o r tu n a te ly  th e re  have been  ex ten s iv e  review  a r t i c l e s  in  re c e n t y ears
284  286summarising th e  em p irica l d a ta , and th e re  have been  many th e o r e t i c a l
models proposed to  account fo r  t h i s  -d a ta . I n  t h i s  ch ap te r on ly  a b r i e f  
• summary o f  p rev ious experim ents i s  g iven  s u f f i c i e n t  to  make c le a r  th e  
purpose and s ig n if ic a n c e  o f th e  p re se n t work.
Constant s t r a i n  am plitude f a t ig u e  t e s t s  show an i n i t i a l l y  ra p id  
in c reas 'e  i n  f a t ig u e  harden ing  fo llow ed by s a tu r a t io n .  The h arden ing  i s  
a s so c ia te d  w ith  re g io n s  o f c r y s ta l  which, c o n ta in  e i th e r  a. very  h ig h  d e n s ity
o f d is lo c a t io n  loops and d ip o le s , a t  low s tr a in 'a m p li tu d e  o r a su b -g ra in
* 286 287s t r u c tu r e ,  a t  h ig h  s t r a i n  am plitudes.. 9 The s a tu r a t io n  in  f a t ig u e
harden ing  c o in c id es  w ith  c o n stan t d is lo c a t io n  d e n s ity  and th e  r e s id u a l
c y c lic  s t r a i n  H o ” ^ -  1Cf^) i s  a t t r i b u t  ed', t o  th e  f l i p - f l o p  m otion o f th e
p o o
d ip o le  loops . The h ig h  tem p era tu re  dependence o f th e  flow  s t r e s s  i s
289in d ic a t iv e  o f p o in t d e fe c ts  b e in g  g en era ted  d u rin g  f a t ig u e .  F e l tn e r  
has found equal numbers o f vacancy and i n t e r s t i t i a l  loops in  fa tig u e d  
aluminium. The d ip o le  reg io n s  a re  b e lie v ed  to  a r i s e  by c r o s s - s l ip  o f screw s. 
They occur i n  th e  f i r s t  few p e r c en t o f th e  l i f e  and t h e i r  d i s t r i b u t i o n  and 
d e n s ity  does not change th e r e a f t e r .  • •
290The su rfa c e  s l i p  m arkings in  fa tig u e d  m eta ls  a re  w e ll known .
A fte r  say  10$ o f th e  l i f e ,  s l i p  s te p s  become co n cen tra ted  in  bands 10-50p. 
wide c a lle d  s t r i a t i o n s  which a re  s o f te r  th an  th e  s l i p  s te p  f r e e  re g io n s  
^ 0 .1  mm wide betw een th e  s t r i a t i o n s .  S a tu ra tio n  in  th e  f a t ig u e  harden ing  
co in c id es  w ith  s t r i a t i o n  fo rm atio n . A c e l l  s t r u c tu r e  i s  found in  th e  
s t r i a t i o n  reg io n s  near th e  f r e e  su rfa c e  and th e se  reg io n s  p ro v id e  th e  s i t e s  
f o r  crack  n u c le a tio n . Many w orkers have s tu d ie d  t h i s  s tag e  o f f a t ig u e  in  
f - .c .c .  m eta ls  and a ttem p ted  to  ex p la in  th e  fo rm atio n  of th e  s t r i a t i o n s  and 
th e  ^n u clea tion  o f th e  c rack s . For example i t  has been  su g g ested  th a t  th e
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\m a trix  i s  p o in t d e fe c t hardened,, w ith  so f te n in g  o ccu rrin g  in  th e  s t r i a t i o n s  
by some u n sp e c if ie d  mechanism which sweeps up th e  p o in t d e fe c ts .  Sub­
g ra in  fo rm ation  would th en  be expected  in  th i s  re g io n  as o bserved . .Some 
sup p o rt f o r  th i s  modEl i s  provided  by experim ents on i r r a d ia te d  copper2-^ 1, 
which show th a t  c y c lic  s t r e s s e s  produce d e fe c t f r e e  channels .
One o f th e  c h a r a c te r i s t i c  f e a tu re s  o f s t r i a t i o n s  i n  c e r ta in  m etals* 
a re  th e  fo rm ation  o f ex tru s io n s  and in t r u s io n s 2^0 . I n  t h i s  p a p e r , s l i p  
•band e x tru s io n  r e f e r s  to  th e  t h i n  d is c r e te  ribbons o f m etal which grow 
from a c tiv e  s l i p  p lan es  during  f a t ig u e .  Low2^2 does not d is t in g u is h  
between t h i s  phenomenon and th e  s u rfa c e  con tours produced by c lu s t e r s  o f 
s l i p  s te p s  i . e .  s t r i a t i o n s .  Ih e  two phenomena may o r  may not occur 
to g e th e r ,  a n d 'th e re fo re  should  be d is t in g u is h e d , as emphasised by Nine and
Kuhlmann-WIls d o rf2^ ° . '
 ^ 294S lip  band e x tru s io n , f i r s t  observed by F o rsy th  in  Al-Cu , has sub­
seq u e n tly  been observed in  s e v e ra l  f . c . c .  pure m eta ls  and a l lo y s  (see
295 290 16\review s by P a rk e r and Fegredo Avery and Backofen ^ and Kennedy
H u ll2*^ found e x tru s io n s  and in tru s io n s  in  copper b e fo re  o f th e
fa t ig u e  l i f o  had e lapsed  and a t  a l l  tem pera tu res down.to 2 .4°K . S ince
th e rm a lly  a c t iv a te d  d if fu s io n  p ro cesses  appeared unnecessary  fox  e x tru s io n , 
C o t t r e l l  and H u ll2^  proposed a mechanism in v o lv in g  s l i p  on two i n t e r ­
s e c t in g  s l i p  system s.
. * Subsequent f a t ig u e  experim ents w ith  Na Cl and LiF c r y s ta l s  o r ie n te d
298 .f o r  in te r s e c t in g  s l i p  d id  not produce e x tru s io n s  ^ * however E x tru sio n s
were r e a d i ly  formed in  Ag Cl an$ rpij _ rpp mixed c r y s t a l s 2? 0 .
Ih e  d if fe re n c e  in  behav iour i n  th e  io n ic  c r y s ta ls  was a t t r ib u te d  to  th e
g r e a te r  ease o f c r o s s - s l ip  i n  Ag Cl and H I  — T1 B r.
S ince  th e  d e s c r ip t io n  by M ott000 o f  a p o s s ib le  c r o s s - s l ip  mechanism
f o r  producing e x tru s io n s  s e v e ra l  m o d if ic a tio n s  h av e 'b een  suggested"* ,2 ^ ° ,
a l l  o f which in v o lv e  c r o s s - s l ip  o f screw  d is lo c a t io n s  in  some c o -o p e ra tiv e
m anner. But w hile  c r o s s - s l ip  may be a p r e - r e q u is i te  f o r  s l ip -b a n d
e x tru s io n , easy c r o s s - s l ip  d u ring  fa t ig u e  does no t n e c e s s a r i ly  g iv e  r i s e  .
to  e x tru s io n s . For example, i n  fa tig u e d  aluminium (s ta ck in g  f a u l t  energy ,
Y = 200 ergs/cm2 cross  s l i p  i s  ex ten s iv e  b u t e x tru s io n s  may n o t be
produced00"* ?0° 2 . However, i n  fa tig u e d  low s ta c k in g  f a u l t  energy  m eta ls
e .g .  Cu -  7-5 a t  fo A1 (y  = 1*5 ergs/cm 2 ) ,  w -  B rass (y  = 14 e rgs/cm s2 ) 000,
e x tru s io n s  and in tru s io n s  a re  produced ? 5° a lth o u g h  c ro ss—s l i p  i s
54d i f f i c u l t ,  p a r t i c u la r ly  a t  low s t r e s s e s - ' . Ih u s  none o f  th e  above
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e x tru s io n  nBchanisms appear to  be com pletely  s a t i s f a c to r y .
There i s  le s s  fa t ig u e  d a ta  a v a ila b le  fo r  m eta ls  having th e  c lo se
packed hexagonal s t r u c tu r e ;  i t  i s  known however th a t  in  m eta ls  w ith  
o / r */ a > v 3* s l i p  i s  confined alm ost e n t i r e ly  t o 'b a s a l  p lanes and c ro s s ­
s l i p  i s  d i f f i c u l t ^ ^ 5™ ^ .
Some o b se rv a tio n s  on fa tig u e d  cadmium*^* z in c ”™  and m agnesium *^5*'’0^ 
have been described*  b u t no ev idence fo r  s l i p  band e x tru s io n  in  th e se  
m eta ls  was o b ta in e d . . I t  w i l l  be shown in  th e  p re se n t ch ap te r th a t  
e x tru s io n s  a re  found in  hexagonal m eta ls  and th a t  t h e i r  d i s t r ib u t io n  i s  
c o n s is te n t w ith  a fo rm atio n  mechanism based upon th e  g l id e  o f d ip o le  lo o p s . 
I t  i s  known th a t  m echanical tw inning  can become an. im portan t mode o f
deform ation  in  c e r ta in  m eta ls  du rin g  h ig h  s t r e s s  fa t ig u e  e .g .  in  antimony*
■u* 4.v308 * . 249 . 308*309 ' . 307  A. .  . 311-314  ^b ism uth  * cadmium * z in c  5 * magnesium ' * t i ta n iu m  and
310iro n  . F a tig u e  cracks a re  n u c lea ted  p r e f e r e n t i a l ly  in  th e .tw in  boundary
re g io n s ; th i s  occurred  w ith in  20f> o f th e  l i f e  in  magnesium*^^. The
sudden n u c le a tio n  o f a  tw in  in  fa tig u e d  cadmium s in g le  c r y s ta l s  g iv e s  r i s e
to  a la rg e  in c re a s e  in  damping and i f  cycling  co n tin u es  a t  th e  same s t r e s s
’ ■ 249le v e l  th e  f a t ig u e  l i f e  a f t e r  th e  f i r s t  tw in  forms i s  very  s h o r t  .
In  a re c e n t s tu d y  o f f a t ig u e  c rack  n u c le a tio n  in  an n ea lin g  tw in
315boundaries* B o e ttn e r  e t  a l  ^ showed th a t  c racks a re  only  produced when the . 
p rim ary  s l i p  p lane i s  p a r a l l e l  to  th e  tw inning  p lan e ; th e  normal s l i p  
p ro cesses  were accen tu a ted  in  the  v ic in i ty  o f th e  tw in  in te r f a c e  b u t o th e r ­
w ise th e  f a t ig u e  p ro cess  was s im ila r  to  th a t  in  th e  paren t m a tr ix . They 
suggested  th a t  d is lo c a t io n s  n u c lea ted  a t  s te p s  i n  tw in  boundaries  a re  
re sp o n s ib le  f o r  in c re a se d  s l i p  in  t h i s  re g io n .
This model o f c rack  n u c le a tio n  i s  n o t a p p lic a b le  to  {1012 ] ty p e  tw in  
. in te r f a c e s  i n  th e  above c .p .h .  m e ta ls : b a sa l s l i p  predom inates d u rin g
c y c lic  s t r e s s in g  and o th e r  p o s s ib le  s l i p  p lan es  ({ 10T1} in  cadmium and 
magnesium and f1122] In  cadmium and z in c ) do not in v o lv e  s l i p  p a r a l l e l  to
th e  *{101*2] tw in  p lane.- A f in e  s tru c tu re *  no t found in  an n ea lin g  tw ins*
316 317has been re p o rte d  w ith in  tw ins in  z in c  a f t e r  f a t ig u e  5 1 * b u t g e n e ra l ly
349 ji n  fa tig u e d  specim ens th e  appearance o f defo rm ation  tw in  in te r f a c e s  and 
annea ling  tw in  i n t e r f a c e s '^ 5* ^  i s  s im ila r .  D uring a f a t ig u e  t e s t  th e  
in te r f a c e s  become p ro g re s s iv e ly  d a rk e r and a p p a re n tly  w ider u n t i l  e v e n tu a lly  
fa t ig u e  cracks a re  formed in  th e  in te r f a c e  re g io n .
Do d e ta i le d  o b se rv a tio n s  o f tw in s .in  fa tig u e d  m eta ls  has been  made 
h ith e r to *  a lth o u g h  th e re  i s  evidence th a t  tw inn ing , may-'be th e  cause o f
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fa tig u e  f a i lu r e  in  titan iu m . The p re se n t.experiments were th e re fo re
designed to  study in  more d e ta i l  th e  surface  deform ation a t  twin in te rfa c e s
p r io r  to  crack n u clea tion  in  h .c .p .  m etals. I t  w il l  he shown th a t  cy c lic
s tre s s e s  cause p lanar in te rfa c e s  to  become s e rra te d , and la rg e r  twins to
he broken up in to  sm aller twin fragm ents. Based on th ese  observations
a model is  proposed to  account fo r  the c h a ra c te r is t ic  e f fe c ts  of cy c lic
s tr e s s e s  on deform ation tw ins.
4*2 S lip  Band E x tru s io n  in  Annealed M etals
The e f fe c t of c y c lic  s tr e s s e s  on the  su rface  topography in  cadmium,
s in e , magnesfum and titan ium  has been s tu d ied . Sheet specimens th ic k
were fa tigued  in  reverse  plane bend in  an Avery machine operating  a t
2000 cycles/m in and a t s tr e s s  le v e ls  to  give l iv e s  between 10^ and 10^cycles.
Low tem peratu re  t e s t s  v/ere c a r r ie d  out by feed in g  l iq u id  n itro g e n  on to  th e
su rfa c e  during  th e  t e s t .
Only su rface  s tep s  due to  b asa l s l ip  were detected  on cadmium, zinc
'and magnesium, and ”h i l l  and v a lle y ” type su rface  contours a re  w ell
developed in  a l l  cases ( f i g .4 -1- 4*3 )* The h i i l s  can be reso lved  a t  h igh
m agn ifica tion  to  be composed of b asa l s l ip  s tep s  ( f i g . 4*1) .  In  z inc a t
sub-zero tem peratures the  s l i p  bands coarsened and th e i r  spacing in creased ,
extrem ely la rg e  heigh t d iffe ren ces  developing'. There was a la rg e  v a r ia t io n
among g ra in s  of d if fe re n t o r ie n ta tio n . Previous work on fa tig u e d  zinc
110s in g le  c ry s ta ls  has shown a s im ila r  coarse s l ip  band form ation
In  titan iu m  extensive s l i p  on [101*0j<1210> s l i p  systems i s  apparent 
( f i g . 4*4)j the s l i p  l in e s  are  sh o rte r  and th e  deform ation le s s  uniform ly 
d is tr ib u te d  compared w ith th a t  produced by te n s i le  deform ation ( f ig .2 .1 0 ) .
Thin f o i l  m icrographs revealed  dense patches of d is lo c a tio n s  in  
magnesium ( f i g .4*5 ) and in  titan iu m  ( f i g .4*6) .  The d is t r ib u t io n  of th e  
dense regions appeared on a f in e r  sc a le  in  tita n iu m .
•. In  annealed cadmium fa tig u ed  near l iq u id  n itro g en  tem perature, c e r ta in  
basa l s l ip  bands showed w ell developed ex trusions ( f i g .4 *2) .  But the 
ex trusions were few in  number and occurred in  g ra in s  favourably  o r ie n te d . 
E xtrusions were r a re ly  found in  annealed cadmium a f te r  fa tig u e  a t  room 
tem perature.
.■ ' I f  tw in  accommodation kink  boundaries and t i l t '  boundaries are  in tro ­
duced by s l ig h t  bending p r io r  to  fa tig u e , a h igh  d en s ity  o f s l i p  s te p s  and 
sm all ex trusions freq u en tly  occurred a t  the  boundary p o s itio n s  ( f i g - 4-7a)*
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F i g .4*1 Surface  s l i p  s te p s  on annealed zinc
fa t ig u ed  to  f r a c tu r e  in  10 cycles  a t  
room tem perature
x  550
F i g .4*3 Surface s l i p  s tep s  on magnesium a f t e r  f a t ig u e .  
■ A fa t ig u e  crack l i e s  p a r a l l e l  to  the  b a sa l  
plane a t  A. ^ ^
aF ig .4 .2 The appearance of ex tru s io n s  in  annealed 
cadmium fa t ig u e d  a t  sub-zero  temperature. 
Same a rea  (a) x 240 (b) x 550
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Figo4®.4 £1010] s l ip  tra c e s , on titan ium  fra c tu re d  a f te r  
4
10 s t r e s s  cycles x 550
F ig .4«5a Dense d is lo c a tio n  patches in  magnesium a f te r  
105 cycles to  f ra c tu re .  x  6000
Fig«4. 5D As f i g . 4»5a x 30,000
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F ig .4 .6  Dense patches o f d is lo c a t io n s  in  ti ta n iu m  a f t e r
*10^ " cy cles  to  f r a c tu r e  x 40,000
Figo4*7 (a ) T i l t  boundaries in  cadmium a f t e r  fa tig u e  
a t  room tem p era tu re  x 250
.(b) S im ila r a re a  a f t e r  chemical p o lis h in g . 
Extruded reg io n  etched a t  A, normal 
appearance o f boundary a t  B. x 250
F ig .4 .7 a
F i g . 4 . 7b
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J u r in g  fu r th e r  p o lish in g  th e  t i l t  boundaries e tched  p r e f e r e n t ia l ly  
( f ig .4 « 7 b ) : t h i s  e f f e c t  i s  analogous to  th e  e tch in g  o f  s l i p  hands in
p  p /
fa tig u e d  f .c r .c .  m e ta ls  . F a tig u e  damage a s s o c ia te d  w ith  k in k  boundaries 
was re c e n tly  re p o rte d  in  l i th iu m  f l u o r i d e ^ ^ .
Many e x tru s io n s  were developed in  magnesium at- b o th  room and sub­
zero  tem p era tu res  ( f ig .4 * 8 a )  and a t  low s t r e s s e s  near th e  f a t ig u e  l i m i t .  ; 
Sm aller e x tru s io n s  appeared as su rfa c e  d e b ris  a long  s l i p  s te p s  ly in g  
betw een th e  l a r g e r  e x tru s io n s  ( f ig .4 * 8 b ) . E x tru sio n s  were a lso  found in
—7
magnesium fa tig u e d  i n  a vacuum.of 10 1 t o r r  i n  p u sh -p u ll a t  room tem p era tu re  
The grow th o f  th e  e x tru s io n  shown in  f i g . 4*9 was observed during  f a t ig u e .  
E a rly  i n  th e  f a t ig u e  l i f e  a  sm all p o r tio n  o f  t h i s  e x tru s io n  appeared f i r s t  
and grew ra p id ly  to  i t s  maximum h e ig h t .  This was fo llow ed by s te a d y  
groT/th along th e  s l i p  band during  th e  nex t few th o u san d 'cy c les , when grow th
A
ceased . No f u r th e r  grow th o f th e  e x tru s io n  was ap p aren t du ring  th e  
rem ainder o f th e  t e s t . .
S lip  band e x tru s io n s  in  t i ta n iu m  were much sm a lle r  ( f ig .4 * 1 0 )  and not 
continuous rib b o n s as in  cadmium and magnesium. However th ey  e x h ib ite d  
sp ec u la r  su rfa c e s  c h a r a c te r i s t i c  o f th e  e x tru s io n s  i n  th e se  m e ta ls , as 
compared w ith  th e  g ra n u la r , n o n - re f le c t in g  f r e t t i n g  p roduct f r e q u e n tly  
encountered near f a t ig u e  cracks i n  t i ta n iu m  ( f i g . 4*1.1 )*
4*3 S lip  Hand E x tru sio n  A fte r  Untwinning
Some specimens were tw inned and untw inned by bending and su b seq u en tly  
p o lish e d  p r io r  to  f a t ig u e .  E x tru sio n s  a re  th e n  found p a r a l l e l  to  b a s a l  
s l i p  t r a c e s  i n  tw in  and p a re n t and appear to  be continuous a c ro ss  th e  tw in  
( f ig .4 * 1 2 a ) . There i s  a  marked p re fe re n ce  fo r  e x tru s io n s  to  grow in  th e  
p a re n t ad jac e n t to  th e  tw in  in te r f a c e  when the  tw in  has p a r t i a l l y  untw inned 
( f i g . 4-. 12b). When com plete untw inning o ccu rred , th e  o r ig in a l  p o s i t io n  o f  
th e  tw in  v/as d e fin ed  during  subsequent f a t ig u e  by e x tru s io n s  from  th e  b a s a l  
p lan es  in  the  p a re n t ( f i g . 4*13)*
The p r e f e r e n t ia l  fo rm atio n  o f  e x tru s io n s  in  untwinned c r y s ta l  i s  
c le a r ly  shown in  fig .4*14>  ih  which s h o r t  e x tru s io n s , each p a r a l l e l  to  th e  
t r a c e  o f th e  p a re n t b a sa l p la n e , a re  a rranged  in  tows along t r a c e s  o f  two 
s e t s  o f tw in  system s. The tw ins them selves have m ostly  d isa p p e a re d .
In  cadmium tw inned and untw inned a t  room te m p era tu re , subsequen t 
f a t ig u e  a t  room tem p era tu re  produced la rg e  numbers o f  e x tru s io n s  i n  re g io n s  
which had tw inned and untwinned ( f i g . 4* 19a)* In. fig .4 * 1 5 b  w e ll developed
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Figo4»8 Extrusions  in  magnesium fa t ig u ed  a t  room 
tem perature
(a) top of ex tru s ion  in  focus x 525
(b) o r ig in a l  su rface  of specimen in
focus x p25
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F i g .4 .
F ig .4 .
F ig .4«
9 S lip  band e x tru s io n  in  magnesium a f t e r  fa tig u e  
- 7in  vacuum of 10 mm Hg0 E x tru sio n  formed a f t e r  
2 .10^  cycles (~  10$ l i f e )  and grew leng thw ise  a t  
average r a t e  of 6 0 S /c y c le
x 880
10 S lip  band e x tru s io n s  in  t ita n iu m  fa tig u e d  to
x 3000
f a i l u r e  in  10^ c y c le s .
11 F a tig u e  crack  in  ti ta n iu m  p a r a l l e l  to  [1010]
s l i p  p lane  a t  Ao F r e t t in g  damage a t  B.
xF a ile d  in  10 c y c le s . v

Pigo4»12a E x tru sio n s  from b a sa l  p lanes in  tw in  and m atrix
o f fa tig u e d  magnesium r _x ( (v
Pig,4x12b F a tigued  magnesium. E x tru sio n s  from p aren t 
m a tr ix  a d jacen t to  p a r t i a l l y  untwinned tw in
. x  770
P i g .4 . 12b
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Figo4«
ft
Fig*4*
13 E x tru s io n s  from p a ren t  m atrix  a t  s i t e  of a 
com pletely  untwinned twin*
x  660
4 Fa tigued  magnesium* E x trusions  p a r a l l e l  t o  
p a re n t  l a s a l  p lanes  a t  s i t e s  o f  two tw in systems 
a f t e r  untwinning* x '300
F i g , 4 .14
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E xtrus ions  in  cadmium fa t ig u e d  a t  room tem pera tu re  a f t e r  
tw inning and untvanning .
F ig .4 .1 5 a k°v/ m a g n if ic a t io n  of a rea  in  cadmium showing 
untwinned reg io n  a t  A and tw in  a t  B.
x 880
Eigo4«15h S l i p . s t e p s  a t  A due to."basal s l i p  in  tw in  during 
bending and b e fo re  untv/inning. S l ip  a t  B due 
to  b a sa l  s l i p  in  p a re n t  a f t e r  untwinning and 
during  f a t ig u e ,  Note la m e lla r  s t r u c tu r e  of 
■ e x tru s io n  shown a t  C, x ^ 0 0

"basal s l i p  s te p s  produced in  a tw in  b e fo re  untw inning a c t as m arkers to  
r e v e a l  th e  s u rfa c e  con tours a c ro ss  th e  ex tru sio n s*  The la m e lla r  
s t r u c tu r e  o f th e  e x tru s io n  i s  c le a r ly  v i s ib le  a t  A in  f i g . 4 . 15c.
S lip  appears to  be more d i f f i c u l t  i n  untw inned c r y s ta l .  In  
f i g . 4*16 th e  s l i p  s te p s  produced during  fa t ig u e  do not extend in to  th e  
untwinned re g io n , a lthough  e x tru s io n s  do form in  t h i s  re g io n .
The r e s u l t s  ob ta ined  in  cadmium, z in c , magnesium, and t i ta n iu m , 
a re  not reproduced in  z in c . A fte r  fa t ig u e  a t  p ro g re s s iv e ly  in c re a s in g  
s t r e s s  to  f r a c tu r e  or a t  v a rio u s  tem p era tu res  from near l iq u id .n i t r o g e n  
to  150°C, no evidence o f s l i p  band e x tru s io n  was o b ta in ed .
4*4 D iscussion
The s t r u c tu r e  o f fa tig u e d  m etals  i s  c h a ra c te r is e d  by reg io n s
•f' 286  ^20 
co n ta in in g  a h ig h  d e n s ity  o f  d is lo c a t io n  loops and d ip o le s  9mJ . A
s im ila r  h ig h  d e n s i ty  o f  d ip o le s  occurs ad jac e n t to  tw in  in te r f a c e s  a f t e r
untw inning (C hapter 3)» I n  p rev ious s tu d ie s  th e  loops and d ip o le s  a re
believed , to  a r i s e  by c ro s s - s l ip * ^ ^ .
-• • The e x te n t o f  c ro ss  s l i p  w i l l  c o n tro l th e  magnitude o f th e  jog  in  th e
' screw  d is lo c a tio n s  t h i s  in  tu rn  w i l l  a f f e c t  th e  subsequent b eh av iou r o f 
^  21th e  screvr* . Sm all jogs a re  expected to  g l id e  n o n -c o n se rv a tiv e ly  to
321 322produce p o in t d e fe c ts ,  w h ils t  la rg e r  jogs le ad  to  s ta b le  d ip o le s  3
Since d is lo c a t io n  d ip o le s  a re  found in  low s ta c k in g  f a u l t  energy m eta ls  a f t e r
323 324h ig h  s t r e s s  fa t ig u e  3 s u f f i c i e n t  c r o s s - s l ip  must occur to # produce jogs 
on th e  g l i s s i l e  screw  d is lo c a t io n s .
The s tac k in g  f a u l t  energy o f cadmium, z in c  and magnesium has been 
estim ated  to  be 100-300 ergs/cm ^ (C hapter 1 ) . C ro s s -s lip  on p r is m a tic  or 
pyram idal p la n e s , a lth o u g h  p re se n t in  magnesium a t  room tem p era tu re  
(C hapter 1) i s  v e ry  r a r e ly  observed in  b u lk  z in c^ 0^, o r  cad m iu m '^ . The
absence o f c r o s s - s l ip  in  th e  l a t t e r  was i n i t i a l l y  a t t r ib u te d  to  th e  h ig h
227
P e ie rls -D a b a rro  s t r e s s  in  th e  non -b asal p la n e s , b u t accord ing  to  F r ie d e l  
i t  i s  due to  th e  d i f f i c u l t y  i n  c o n s tr ic t in g  th e  extended d is lo c a t io n s  in  
th e  b a sa l p la n e s .
Thin f ilm  s tu d ie s  have confirm ed n on -basal c r o s s - s l ip  to  be p re se n t
56i n  magnesium and ab sen t in  z in c  • I n  a d d it io n  i t  was shown th a t  non—
56b a s a l  c ro s s—s l i p  can a lso  occur in  cadmium • These r e s u l t s  a re  m
-  ' ' .  - 320 agreem ent w ith  th e  o b se rv a tio n s  t h a t  d ip o le s  appear m  magnesium ana
"cadmium"^ whereas in  z in c  a f t e r  f a t ig u e  on ly  s e s s i l e  d is lo c a t io n  lo o p s a re
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F i g . 4*15° Displacement o f  JA? type s l i p  s te p s  by 
subsequent e x tru s io n  from. SBJ type s lip , 
p la n es .  Large e x tru s io n  a t  A- shallow  
e x tru s io n  a t  B.
x 1300
F i g .4®16 Fatigued, magnesium showing absence o f  f a t ig u e  
s l i p  bands in  untwinned reg ion  a t  A compared 
w ith  surrounding p a ren t  m atr ix  a t  B. Bote 
e x tru s io n s  i n  s l i p  f r e e  reg io n .
x 200
F ig .4 .16
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11 0found in  th e  b a s a l  p lan es  • Thus th e  jogs produced in  z in c  may be 
too  sm all to  produce s ta b le  d ip o le s ;  in s te a d  d e fe c ts  a re  g en e ra ted  
which su b seq u en tly  condense to  form th e  observed b a sa l p lan e  lo o p s .
I t  was shown in  Chapter 2 th a t  loops and d ip o le s  a re  very  common 
in  t e n s i l e  deformed tita n iu m . • The c r o s s - s l ip  o f screw  d is lo c a t io n s  
g l id in g  on prism  p lan es  w i l l  produce d ip o le  loops ly in g  approx im ate ly  
i n  [1120] p lan es  and e longated  p a r a l l e l  to  th e  c -a x is f  in  th e  case  o f  
b a s a l  s l i p  th e  d ip o le s  m i l  tend  to  be e longated  normal to  th e  c -a x is .*
The p re fe re n c e  f o r  e x tru s io n  fo rm atio n  to  occur in  c r y s ta l  p re v io u s ly  
tw inned and untw inned, s tro n g ly  su g g es ts  th a t  a  s l i p  band e x tru s io n  
mechanism must in v o lv e  th e  d is lo c a t io n  d ip o le s  p re se n t i n  t h i s  re g io n .
. 4 .4 .1  S lip  Band E x tru s io n  Model
The p ro p e r t ie s  o f  p r ism a tic  d is lo c a t io n  loops has been d iscu ssed  by
61 62 S e i tz  and o th e rs  and i l l u s t r a t e d  by Babarro u s in g  fig .4*17»  ^ e t  a
loop l i e  on th e  s u r fa c e  o f a c y lin d e r  which has as i t s  a x is  th e  d i r e c t io n
o f th e  B urgers v e c to r .  Then th e  loop may g l id e  along  th e  s u r fa c e  o f  th e
c y lin d e r ; th e  o p p o s ite  s id e s  o f th e  loop having o p p o s ite  s ig n s  g l id in g  in
o p p o s ite  d i r e c t io n s .  The only  r e s t r i c t i o n  on th e  shape o f th e  loop
produced by g l id e  i s  th a t  th e  p ro je c t io n  o f th e  loop on to  a .p la n e  normal
to  th e  ax is  o f  th e  c y lin d e r  must rem ain c o n s ta n t. An in c re a s e  o r
d ecrease  in  th e  p ro je c te d  a re a  w i l l  invo lve  climb and w i l l  be d i f f u s io n
c o n tro lle d . I t  i s  p o s s ib le  however f o r  segments o f th e  loop in  th e  sere?/
o r ie n ta tio n  to  c ro s s -s l ip  o f f  th e  g lid e  cy linder as shown in  f i g . 4 . l 7 :su °k
segm ents may d ecrease  th e  m o b ility  o f th e  lo o p .
I t  i s  h e re  p ro p o se d .th a t under s u i ta b le  s t r e s s e s  th e  dense a r ra y  o f  
dip 'ole loops w i l l  move to g e th e r  to  th e  f r e e  s u r fa c e  to  form an e x tru s io n  
i f  th e  loops a re  i n t e r s t i t i a l  ty p e  and In tru s io n s  i f  th e  loops a re  vacancy 
ty p e . F ig .4 .18 shows sch e m a tic a lly  th e  sequence o f  even ts which could 
g iv e  r i s e  to  e i th e r  an e x tru s io n  cr an in t r u s io n ,  depending on th e  sen se  o f 
th e  d is lo c a t io n  composing th e  d ip o le .  T h is model i s  c o n s is te n t  w ith  th e  
experim en tal o b se rv a tio n s .
* I n  cadmium*^ loops along < 1 0 T 0 >  can a lso  a r i s e  from  re a c tio n s  in v o lv in g  
d is lo c a t io n s  w ith  -—<1123> type B urgers v ec to rs*  i n  th e  p re se n t work d is lo c a -  
t io n s  o f th e  ty p e  -j <11S0> a re  b e lie v e d  to  predom inate and no ev idence fo r  
o th e r  s l i p  system s has been o b ta in e d . The [1122] < T l 2 3 >  system  w i l l  no t 
th e re fo re  be co n sidered  fu r th e r  in  t h i s  C hapter.
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C A
(a )  Loop o f d is lo c a t io n  A B C D A, ly in g  on a c y lin d e r  
w ith  ax is  p a r a l l e l  to  th e  B urgers v e c to r . The 
segment B C D  can g lid e  to  E F, le av in g  screw  seg­
ments B E, D F which jo in  i t  to  D A B.
(b ) P ro je c tio n  o f (a )  normal to  th e  B urgers v e c to r .
(c )  A loop  G- H J  can sp read  from th e  screw segment B E, 
p rovided  th a t  i t  l i e s  on a c y l in d r ic a l  su rfa ce  w ith  
th e  B urgers v e c to r  as g e n e ra to r .
(d )  P ro je c tio n  o f  (c )  normal to  th e  Burgers v e c to r .
*
F i g .4 ^ 7 P o s s ib l e  g lid e  m otions o f a p rism a tic  d is lo c a t io n  lo o p .
6 2( a f t e r  Nabarro )
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FORMATION OF G L i S S I L E  INTERSTITIAL 
LOOPS FROM A SCREW DISLOCATION.
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FORMATION OF S U R F A C E  EXTRUSIONS
BY GLIDE O F  I N T E R S T I T I A L  L O O P S . .
'•Fig o 4*18b 
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f i g . 4°19 Magnesium annealed in  moist argon a t  620°C 
and quenched in to  iced b r in e .  "Punched out" 
loops a t A produced by s t r e s s e s  around 
an in c lu s io n  x 25OOO
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I f  th e  g e n e ra tio n  o f such g l i s s i l e  d is lo c a t io n  loops du rin g  fa t ig u e  
i s  accep ted  th e n  th e  o p e ra tio n  o f t h i s  e x tru s io n / in t ru s io n  model w i l l  
depend on th e  fo llo w in g  f a c t o r s : -
1 . The l i f e - t im e  o f  the  d ip o le  loop  i . e .  "before clim b, c r o s s - s l ip  o r
in te r a c t io n  w ith  o th e r  lo o p s .
63
2 . The s t r e s s  to  move th e  loop along  i t s  g l id e  c y lin d e r .
3 . The r a t e  o f  loop fo rm atio n .
There i s  ample d i r e c t  ev idence (see  re fe re n c e  63 ) f o r  th e  g l id e  o f
loops along t h e i r  s l i p  c y lin d e rs  i n  many c r y s ta l  s t r u c tu r e s  e .g .  i n  io n ic
c r y s ta ls  (UaCl, Ag C l) , in  m eta ls  having th e  f . c . c .  (Al, Cu), c .p .h .
(Cd"^, M g^ Z r ^ )  and h . c . c .  (Pe, Ub) s t r u c tu r e s .  An example o f  i n t e r -
57s t i t i a l  loops produced in  magnesium i s  shown in  f i g .  4*19 While l i t t l e  i s  
known o f th e  behav iour o f such loops during  f a t ig u e  th ey  can occur e a r ly  in  
th e  fa tig u e ' l i f e  and a t  low tem p era tu res  (as do e x tru s io n s )  and p ro b ab ly  
re a c h  maximum d e n s ity  as s a tu r a t io n  i f  th e  c y c lic  s t r a i n  harden ing  r a te  i s  
a t ta in e d .  •
' Taking an e x tru s io n  to  be 0 .1 ji th ic k ,  10jj. h ig h , 100[i long  and a loop
d iam eter o f  10002, approx im ately  10^ loops must pass  along each  g l id e
8c y lin d e r  and a t o t a l  number o f  10 loops w i l l  be re q u ire d  to  produce th e
complete e x tru s io n . The observed d is lo c a t io n  d e n s ity  i s  10^/cm^,' e q u iv a len t
to  1 0 ^  loops/cm ^. Thus a volume o f  m etal equal to  th a t  o f th e  e x tru s io n ,
when p re se n t in  th e  m a tr ix , would c o n ta in  10^ lo o p s . As ex p ec ted , th e
loops re q u ire d  to  produce th e  e x tru s io n  must come e i th e r  from a x^olume 
g r e a te r  th a n  th a t  p re v io u s ly  occupied by th e  ex truded  m a te r ia l  o r be g en era ted  
c o n tin u o u sly  as th ey  a re  l o s t  to  th e  f r e e  s u r f a c e .
The maximum d is lo c a t io n  v e lo c i ty ^ ^  i s  ^ 5 0 0  m e tre s /se c . Assuming a 
frequency  o f 60 c . p . s . ,  in  one £  o f  a s t r e s s  cy c le  th e  d is lo c a t io n  loop 
could t r a v e l  ~  2 m e tre s .^  Thus th e re  i s  ample tim e in  one i  o f  a  s t r e s s
cy c le  fo r  lo ops.,to  form an e x tru s io n , i f  a s u f f ic ie n t  number o f  lo o p s a re
a v a i la b le  and i f  th e y  a re  not g r e a t ly  impeded in  t h e i r  g l id e  p a th .
4 .4 .2  S lip  Band E x tru sio n  in  H .C .P. M etals
E x tru sio n  in  th e se  m eta ls  w i l l  now be considered  in  term s o f  th e  above 
model..
The ease o f  s l i p  o f th e  d is lo c a t io n  loops on t h e i r  g l id e  c y lin d e rs  w i l l  
be c o n tro lle d  by th e  s t r e s s  to  move th o se  segm ents o f  th e  loop  in  n o n -b asa l 
p la n e s . This s t r e s s  i s  l i k e ly  to  be h ig h  in  cadmium because n o n -b a sa l s l i p
i s  exceed ing ly  d i f f i c u l t . ,  F urtherm ore, climb p ro cesses  o p e ra tin g
56sim u ltan eo u sly  a t  room tem peratu re  in  cadmium w i l l  f u r th e r  d ecrease
th e  number o f d is lo c a t io n  loops reach in g  th e  f r e e  su rface*  Thus few
e x tru s io n s  a re  produced in  annealed  cadmium compared w ith  magnesium in
which non -basal s l i p  and d ip o le  fo rm ation  occur re a d ily *  Armstrong and 
199Horne "  m is tak en ly  id e n t i f ie d  s l i p  band ex tru s io n s  i n  fatigued-m agnesium  
.■single c r y s ta l s  as b a sa l p lane  c ra c k s? which appear s im ila r  under normal 
i l lu m in a tio n . I t  i s  s ig n i f ic a n t  however th a t  th e y  re p o r t f,c ra ck in g u is  
. a s so c ia te d  w ith  untw inning* which ag rees w ith  e x tru s io n  d i s t r ib u t io n  in  
th e  p re sen t work* S lip  b a n d 'e x tru s io n s -a lso  appear l ik e ly  in  F ig u re  3 o f 
re fe re n c e  307 .
The Ca — 3$ Zn a l lo y  c o n s is ts  o f alm ost pure C d 'm atrix  in  which a re
56embedded p r e c ip i ta te s  o f pure z inc^  s th e  h ig h e r s t r e s s e s  n ecessa ry  to
overcome th e  b a r r i e r s  to  p l a s t i c  defo rm ation  in  th e  cadmium m a trix  w il l
325a lso  favou r c r o s s - s l ip  J and i s  presum ably re s p o n s ib le  fo r  th e  g re a te r  
number o f e x tru s io n s  produced in  th e  a llo y .
Mobile accommodation k in k  and t i l t  boundaries  in  hexagonal m eta ls  a re  
composed o f g l i s s i l e  d is lo c a tio n s  on su ccess iv e  b a sa l p la n e s : a h ig h  
d ip o le  d e n s ity  g iv in g  r i s e  to  e x tru s io n s  could occur in  th e se  re g io n s  by 
th e  to  and f ro  movement o f th e  boundaries under c y c lic  s tre s s in g *
S im ila r ly  th e  h ig h  e x tru s io n  d e n s i t ie s  b esid e  c o n tra c te d  tw ins i s  due to  
th e  p resence  o f la rg e  numbers o f d ip o le s  ad jac e n t to  th e  tv /in 'b o u n d a rie s .
The e f f e c t  o f  p r io r  co ld  work a t  h ig h er s t r e s s e s  i s  to  in tro d u c e  
la rg e  numbers o f jogged d is lo c a tio n s  which su b seq u en tly  form d ip o le s  and 
e x tru s io n s  d u ring  f a t ig u e .
A lth o u g h 'th e  s ta c k in g  f a u l t  energy in  th e  b a s a l  p lane  o f  z in c  i s  
.com parable to  th a t  o f  magnesium th e  r a t i o :
c r i t i c a l  re so lv ed  shear- s t r e s s  fo r  p r ism a tic  s l i p  
c r i t i c a l  re so lv ed  sh ea r s t r e s s  fo r  b a sa l s l i p
305 79i s  v e ry  much g r e a te r  fo r  z in c  J th a n  f o r  magnesium1,7 and even in
"1 62fav o u rab ly  o r ie n te d  z inc w hiskers no c r o s s - s l ip  i s  observed : th u s  th e
absence o f e x tru s io n s  in  z in c  i s  alm ost c e r ta in ly  a s so c ia te d  w ith  th e  
absence of .c ro s s -s lip  in  th i s  m e ta lj t h i s  a llow s on ly  sm all jogs and 
narrow u n s ta b le  d ip o le  lo o p s . The absence o f s a tu r a t io n  in  th e  c y c l ic  
work hardening  r a t e  and th e  prolonged fa t ig u e  l i f e  of z in c  i s  a ls o  
a t t r ib u te d  to  th e  absence o£. c r o s s - s l i p ^ ^ 5^ ^ .  The Wood m echsn ism ^^
^ 0  *7
developed fo rm ally  by MayJ , o f c rack  n u c le a tio n  by random re v e rse d
1 1 0s l i p s i s  Id e a l ly  s u i te d  to  t h i s  m e ta l, and Indeed Broom and Summerton 
'have shown th a t  su rfa c e  notches a re  produced in  t h i s  manners however 
i t  does not appear to  he so e f f e c t iv e  in  producing fa tig u e  f a i l u r e  as 
mechanisms in v o lv in g  c r o s s - s l ip .  I t  may w e ll he th a t  th e  o p e ra tio n  o f 
th e  e x tru s io n / in t ru s io n  mechanism is  more e f f e c t iv e  in  reducing  th e  
f a t ig u e  l i f e  because o f th e  much g re a te r  s t r e s s  c o n c e n tra tio n  f a c to r  
a s so c ia te d  w ith  sm all ex tru s io n s  and in tr u s io n s .
4*5 Cyclic (Twinning
M a te ria ls  and t e s t in g  techn ique  were s im ila r  to  th a t  d e sc rib e d  in  
th e  beginn ing  o f t h i s  C hapter. A few t e s t s  were a lso  made on c o b a lt ,  bu t 
because tra n s fo rm a tio n  to  th e  h .c .p .  s t r u c tu r e  was incom plete in  th e  
m a te r ia l  examined, no fu r th e r  t e s t s  were made on t h i s  m eta l.
Twins were in tro d u ced  in to  th e  m etals p r io r  to  f a t ig u e  by an n ea lin g  
s l i g h t l y  b en t specim ens. Cadmium, magnesium and s in e  were s tra ig h te n e d  
a t  l iq u id  n itro g e n  tem peratu re  to  m inim ise deform ation  by s l i p .  T itanium  
-was ^s tra ig h ten ed  a t  room tem p era tu re  to  n u c lea te  tw in  system s o p e ra tiv e  a t  
t h i s  tem p era tu re . The su rfa c e  s t r a i n  was such  th a t  th e re  was l i t t l e  
evidence o f s l i p  in  th e  tw inned g ra in s .  Specimens were p o lish e d  e le c t r o -  
l y t i c a l l y  b e fo re  t e s t i n g .
4 .5 .1  Form ation of M icrokink Boundaries
The tw in in te r f a c e s  s tu d ie d  were norm ally  p la n a r  o r s l i g h t l y  curved, 
approxim ating  to  coheren t tv/in  boundaries ( f i g s •4*20—4*21)* The e f f e c t  
o f c y c lic  s t r e s s e s  on th e se  tw in s  i s  ev id en t e a r ly  in  th e  f a t ig u e  l i f e  as 
narrow bands o f su rfa c e  deform ation  a t  th e  tw in /m a trix  in te r f a c e s s  
examples i n  magnesium and tita n iu m  a re  showh a t  A in  f i g s -.4*20b and 4* 2.1 a ,b .  
Rote th e  absence o f  ex ten s iv e  s l i p  in  th e  ad jacen t l a t t i c e s .  The damage 
appears on ia very  f in e  s c a le , as shown in  th e  r e p l ic a  o f a damaged .tw in 
in te r f a c e  in  magnesium ( f i g . 4*22). Damage i s  o f te n  g r e a te r  a t  one tw in  
in te r f a c e  o f a tw in  ( f ig .4 * 21-4*22)$ th i s  i s  presum ably due to  d if fe re n c e s
in  th e  m o b ility  o f  the-tw in  in te r f a c e s  as mentioned in  ch ap te r 3 and
27/l 1 ^ (S ’
d iscu ssed  by Bashmakov and S oldatov  ' ,L and R oberts and P a r tr id g e  r «,
The su rfa c e  deform ation  i s  a s so c ia te d  w ith  lo c a l  non-uniform  tw in  
boundary d isp lacem ents  which cause th e  t r a c e  o f th e  tw in  in te r f a c e  to. 
become s e r r a te d .  This, i s  c le a r ly  seen  a f t e r  p o lish in g  e .g .  a t  A i n  
f ig s  .-4c20c and 4 .2 1 c . The s u rfa c e  a re a  o f th e  i r r e g u la r  tw in  out e r f  ace
c)
F i g .4•20 Magnesium, same a re a .
(a) as chem ically  po lished
(b) a f t e r  2.13^ cycles  (~25$ of th e  l i f e )
(c) a f t e r  fu r th e r  chemical p o lish in g
x 200
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F i g .4.21 I n i t i a l  s tages  of {1121 j twin boundary 
fa t ig u e  damage in  t i ta n iu m
(a) specimen twinned, e le c tro p o l ish e d  and 
fa t ig u e d .  F a tigue  damage a t  A a f t e r
2 .6  x 1Cr cycles  ( ^ 5 0 °  to  l i f e )  ^ ^
(ti) as (a ) ,  d i f f e r e n t  g ra in  x 2400
(c) as (a) a f t e r  e le c t ro p o l ish in g  and f u r th e r  
0®5*104 cycles x 1700
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i s  g r e a te r  th a n  th e  p la n a r in te r f a c e  "by a t  l e a s t  1O-20/0, ' -
Daring subsequent p o lish in g  and near th e  f r e e  su rfa c e  p r e f e r e n t ia l  
e tch in g  occurs in  some tw in  in te r f a c e s  e .g .  in  magnesium ( f i g . 4 . 2 3 ) and 
ti ta n iu m  ( f i g . 4*24). This i s  b e lie v ed  to  be due to  th e  p resence  o f sm all •
c ra c k s .
Another c h a r a c te r i s t i c  o f  tw inned reg io n s  i n  a fa tig u e d  specim en i s
th e  p resence  o f  sm all c lo se ly  spaced k in k  b o u n d a rie s . Kinks (about
' 0 . 5 ji a p a r t)  b e s id e  a tw in  in te r f a c e  in  f a t ig u e d . z in c  a re  shown in  f i g . 4 . 25 .
S im ila r  k inks a re  found in  cadmium (4*26) on e i th e r  s id e  o f th e  tw in
boundary, depending on which boundary i s  m obile . These k inks appear to
accommodate th e  very  sm all s e r r a t io n s  produced in  a tw in  in te r f a c e  d u ring
c y c l ic  s t r e s s in g .  The .kinks a re  analogous to  th e  ’’f in e  s t r u c tu r e ” i n
tw ins in  fa tig u e d  z in c  d esc rib ed  by B ullen^*^ and B a r r ^ ^ .  The r e g u la r i ty
o f  th e  f in e  k inks in  magnesium i s  shown in  a r e p l ic a  in  f i g *4 *2 7 *
L arger k inks (A, B, C and D in  fig*4*28a) were sometimes observed
to g e th e r  w ith  th e  f i n e r  ty p e . An exam ination o f t h i s  re g io n  a f t e r  chem ical 
%
p o lish in g  showed th e  coarse  k in k s  to  be a tta c h e d  to  re s id u a l segm ents o f  
tw in  (f ig .4 * 2 8 b ) . The co arse  k inks a re  s im ila r  to  th e  accommodation k inks 
a s so c ia te d  w ith  m icro tw ins produced during  i r r e g u la r  tw in  grow th and 
c o n tra c tio n , d e sc rib ed  in  p a ra  3 . 3 * . - •
4*5*2 Tv/in Fragm entation
The i n i t i a l  deform ation  shown in  fig .4*20b  may be fo llow ed  by f u r th e r  
defo rm ation  which proceeds tow ards th e  c e n tre  o f th e  tw in . A fte r  p o lish in g  
( f i g . 4 . 29 ) i t  i s  ev id en t t h a t  c y c l ic  s t r e s s in g  has broken up tw inned c r y s ta l  
in to  sm a lle r tw in  fragm ents having i r r e g u la r  sliapes. Bote t h a t  tw ins 1 
and 2 i n  f i g . 4 .2 9  a re  com pletely  fragm ented w hile  th e  w ider tw in  3 rem ains 
p e r fe c t  a t  th e  c e n tr e .
In  c e r ta in  o r ie n ta t io n s  th e  deform ation  i s  no t confined  to  th e  o r ig in a l  
tw in  in te r f a c e s  b u t appears w ith in  th e  tw in  m a trix  a t  secondary tw in  i n t e r ­
fa c e s  ( f i g . 4 .30  a - b ) .  Twins n u c lea ted  during  th e  f a t ig u e  t e s t  a re  always 
s e v e re ly  damaged e .g .  a t  A in  f i g . 4*30 b -c .  Twin frag m en ta tio n  i s  
apparen t a f t e r  p o lis h in g  ( e .g .  compare a re a s  o u tlin e d  a t  X i n  f ig s  4*30 a - c ) :  
secondary tw inning  has converted  p a r ts  o f  th e  p a re n t tw in  to  m a tr ix  • 
o r ie n ta t io n  i . e .  secondary  tw inning  re p re se n ts  untw inning o f  th e  p a re n t 
tw in .
The t o t a l  le n g th  o f  th e  t r a c e s  o f th e  tw in  in te r f a c e s  and th e  c ro ss  
s e c t io n a l  a re a  o f tw inned c r y s ta l  has been measured b e fo re  and a f t e r , .  
fati<m e in  th e  a re a  o u tlin e d  a t  X i n  f i g *4*30 a -c :  th e  tw inned a re a
-  8 8  -
F ig #4*
F i g .4.
F i g . 4*
6
F i g . 4®
22 R ep lica  of |1012} tw in  i n  magnesium a f t e r  
e le c t ro p o l i s h in g  f  
( - 25# of th e  l i f e )
o llow ed 'by  2 . 10^ cycles
x 4000
53 Specimen as in  f i g . 4*22 showing c rack  n u c le i  
i n  tw in  in te r f a c e  rev ea led  by e le c t ro p o l i s h in g  
a f t e r  f a t ig u e  a t  A0 Bote ad jacen t crack  f r e e  
tw ins a t  B. x 500
54 Titanium specimen a f t e r  2 .6  10^ cycles  followed 
by e le c t r o p o l i s h in g .  Crack n u c le i  in  tw in 
i n te r f a c e s  a t  A. Bote crack  f r e e  twins a t  B
x 500
!5 Accommodation k in k  boundaries  in  z inc  a f t e r  
10^ cy c le s .  The boundaries  a re  spaced '•'■0.5 p. 
a p a r t .
x 1100
F i g . 4.26 Accommodation kinks i n  twinned reg io n  in  
cadmium a f t e r  10^ cycles  to  f r a c t u r e .
x, 550
F ig .4.22
F ig .4 .23
n w r n o
F ig .4.25
F i g . 4 .26
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F ig .4*27 R ep lica  o f f in e  k inks in  fa tig u e d  magnesium
x 4000
F ig 04 .
6
F ig .4.
28 (a) Coarse k inks A -  D and f in e  k inks on op p o site  
s id e  o f tw in  in  z in c .
00 same a rea  a f t e r  p o lish in g , showing re s id u a l 
..twin fragm ents.
x 730
29 Twinned magnesium a f t e r  fa t ig u e  fo llow ed hy 
p o lis h in g . Twin 1 com pletely  fragm ented. 
Twin 3 p a r t ly  fragm ented .
x  2 5 0
M  ftTRIX
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P ig .4*30a
P ig . 4 • 301a
Magnesium, same a re a .
(a) as chemically polished,
(h) a f t e r  2 . 10^ cycles  ( ~ 25$ of the l i f e )  
(c) a f t e r  fu r th e r  chemical p o lish in g
Pig.4*30c
-  91 -
decreased. by~15/J W hilst th e  t o t a l  le n g th  of in te r f a c e  in c re a se d  by
~ 25C o^
Hie p ro g re s s iv e  d e s tru c t io n  of th e  tw in  fragm ents and c rack  
n u c le a tio n  i s  shown in  f i g , 4-31* Twins on a t  l e a s t  th re e  system s a re  
s e v e re ly  damaged a f t e r  2 .10^  s t r e s s  c y c le s , eq u iv a len t to  ~ 2 ^  o f th e  
f a t ig u e  l i f e .  The a rea  o u t- l in e d  a t  A i s  show n 'at h ig h e r m a g n ific a tio n  
a f t e r  p o lish in g  in  4*31cs th e  c h a r a c te r i s t i c  tw in  fragm ents a re  rev ea led  
and in  a d d itio n  sm all c racks a re  p re se n t a t  seme in te r f a c e s ,  e .g .  a t  A.
The same a rea  a f t e r  cyclin g  to  f a i l u r e  in  a f u r th e r  6 .10^ cy c le s  i s  shown 
. i n - f i g ,4*315s ty p ic a l  fa t ig u e  damage i s  apparen t a t  many tw in  fragm ent 
. in te r f a c e s  h u t th e re  i s  l i t t l e  change in  the  c rack  le n g th s ,
A s im ila r  sequence tak en  from th e  same g ra in  is ,show n in  f i g . 4*32 a -b . 
A fte r  p o lish in g  a c rack  i s  apparen t a t  A and a f t e r  fu r th e r  cy c lin g  to  
f a i l u r e  th e  c rack  has not p ropagated  beyond th a t  tw in  fragm ent in te r f a c e ,  
a lth o u g h  f a t ig u e  damage has developed a t  o th e r tw in  fragm ents.
The frag m en ta tio n  a t  p re - e x is t in g  tw ins a lso  occurred  in  cadmium 
( f i g . 4*33) and z in c  ( f ig  4*34) du ring  fa tig u e  a t  room tem p era tu re .
I t  should  he noted th a t  a l l  th e  m ic ro s tru c tu re s  appeared in  d i f f e r e n t  
g ra in s  o f th e  same specimen a f t e r . 25$ o f th e  f a t ig u e  l i f e  has e lap se d .
C le a rly  th e  manner in  which th e  tw ins deform i s  dependent on th e i r  
o r ie n ta t io n  w ith  r e s p e c t  to  th e  a p p lie d  s t r e s s .  In  s u i ta b ly  o r ie n te d  g ra in s  
the* normal s l i p  p ro cesses  a lso  occur (p a ra .4*2)«
4*5*3 Twin I n te r f a c e  Damage
The damaged a re a  in  f ig  -4*31b i s  shown a t  h ig h e r m a g n if ic a tio n  in  
f i g  4*35a. F ila in en try  grow ths a re  v i s ib le  p ro tru d in g  from th e  damaged 
su rfa c e  re g io n s . They a re  b e s t  d e tec te d  by fo cu ssin g  s l i g h t l y  above th e  
specim en su rfa c e  ( f ig  4*35b)* T his phenomenon i s  very  common in  a l l  th e  
m eta ls  s tu d ie d  except z inc  and th e  f ila m e n ts  occur in  v a rio u s  fo rm s. In  
cadmium ( f ig  4*36) th e  f ila m e n ts  a re  sm all' and i r r e g u la r .  I n  magnesium 
th e  filam e n ts  occurred  predom inantly  in  th e  need le  form (fig«4*37a) 'but 
some p la n a r grow ths were o c c a s io n a lly  observed ( f ig  4*37^)• f*1 fk e  l a t t e r
th e  p la te s  appear tra n s p a re n t to  l i g h t ,  s in c e  su rfa c e  s l i p  s te p s  could be 
seen  th rough  th e  p la te  ( f ig  4«3?b a t  A).
To confirm  th a t  th e  f ilam e n ts  were p ro tru d in g  above th e  s u r fa c e  and 
n o t ly in g  on th e  s u r fa c e , a m icrohardness in d e n te r  was p laced  ju s t  i n  
c o n tac t w ith  the  s u rfa c e  and moved ac ro ss  th e  p o s i t io n  o f  th e  f i la m e n ts .
Two tw ins in  magnesium were s e le c te d ,  marked 1 and 2 in  f i g '4*38; th e
-  92 -
Fig.4*31b Magnesium -  same area
(a) as chem ically  po lished  Mag x 122
(b) a f t e r  2.10^ cycles  (~  25$ of the
l i f e )  Mag x 122
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F i g .4 .31a
)Pig.4*31d A fte r  fu r th e r  6,10^ cycles  to  f a i l u r e
x 930
Fir*  4*31c A fte r  fu r th e r  chemical p o lish in g
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Fig.4®32a Magnesium, tw inned, fa tig u e d  2 .10^ c y c le s ,
e le c tro p o l is h e d . Crack a t  A in  tw in  in te rfa c e ,,
. - x  130 0
Fig*4*32b As F ig*4®32a, a f t e r  fu r th e r  6 o10^ cycles to  
f r a c tu r e ,
x 1300
F ig .4®33 Twin frag m en ta tio n  in  fa tig u e d  cadmium
x 240
Fig.4®34 Tv/in frag m en ta tio n  in  fa tig u e d  z in c .
x  670
F i g .4 . 32a F ig .4®32b
F ig .4 .33 F i g .4 .3 4
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F ig 84o35a- Region of figo4®31b a t  h ig h e r m a g n ific a tio n , 
o r ig in a l  specimen su rfa ce  in  focus
x 1400
Fig«4»35'd As a) above, bu t focussed, above specimen
s u r fa c e . F ilam en ta ry  growths in  focus a t  A.
x 1400
Fig.4.35"b
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F ig .4 °3 6  F ila m e n ta ry  grow ths a t  .a.tw in, boundary  in
cadmium a f t e r  f a t i g u e
x  312
F ig e4«37a Needle shaped growths a t  tw in boundary in  
magnesium a f t e r  f a t ig u e
x 1230
Fig.4®37t> P la n a r  growths a t  tw in  boundary i n  magnesium 
a f t e r  f a t ig u e .  Note s l i p  s te p s  v i s i b l e  
th rough  p l a t e l e t  a t  A.
' x 550
.F i g .4 . 37b
~  97 -
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apparen t i r r e g u la r  tw in  in te r f a c e s  i n  t h i s  f ig u re  a re  a c tu a l ly  due to  
f ila m e n try  g row ths. Twin 1 i s  a ls o  shown a t  h ig h e r m a g n ific a tio n  in  
f i g  4*39^5 filam en ts ,A ,B , a re  v i s i b l e .  The s c ra tc h e s  made by
. th e  diamond in d e n te r  a re  shown a t  D i n  f i g  4 . 39b ; th e  f ila m e n ts  have 
d iap p eared .
A s im ila r  sequence i s  shown f o r  tw in  2 in  f i g  4 .40 and a need le ­
l ik e  f ilam e n t Ao* Only a ben t p ie ce  rem ains a f t e r  s c ra tc h in g  
( f ig  4 .4 0 b ).
The r e p l ic a  o f  th e  e a r ly  s ta g e s  o f tw in  boundary f a t ig u e  damage 
shows some evidence o f f ila m e n try  growths ( f ig  4 *22 ) bu t t h i s  i s  more 
pronounced a f t e r  la r g e r  numbers o f  c y c le s , as shown in  f ig  4 *4? .
E x tra c tio n  r e p l ic a s  from fa tig u e d  magnesium,o f te n  showed evidence o fv A * *
oxide in  e le c tro n  d i f f r a c t io n  p a t te rn s  from th e  f i la m e n ts .  However some 
p ie c e s  o f f ila m e n try  grow ths a lso  gave a magnesium d i f f r a c t io n  p a t te r n  
( f ig  4 *42)5 th e  p la te  l ik e  shape o f  th e  f ila m e n t i s  apparen t in  t h i s  
f ig u re ^ ,
F ilam en ts  on tita n iu m  occurred  le s s  f r e q u e n tly  in  th e -n e e d le  form 
( f ig . .4*43). Well developed p l a t e l e t s  were th e  most common tw in  boundary 
damage f e a tu r e .  A s im ila r  p rocedure was adopted to  confirm  th e  d is c r e te  
n a tu re  o f th e se  g row ths. P l a t e l e t s  p a r a l l e l  to  tw ins a re  shown
in  f i g  4 -44a; ag a in  a s l i p  s te p  i s  v i s ib le  th ro u g h  th e  p la te  o f  A.;
The f ila m e n ts  a re  broken up by th e  diamond ( f ig  4«44h). A nother tw in  . 
behaved s im i la r ly  ( f ig  4 *45 ) .  In. th e  l a t t e r  one p la te  appears to  have 
town o f f  a t  A w h ils t  th e  o th e r  has broken in to  sm a lle r  p ie c e s  a t  BY
Some o b se rv a tio n s  on c o b a lt a re  in c lu d ed  because o f  t h e i r  s im i l a r i t y  
to  the p rev ious r e s u l t s .  .For example tw ins in tro d u ced  by bending show 
evidence o f damage i n  th e  tw in  in te r f a c e s  a f t e r  f a t ig u e  ( f ig  4 *46 ) and 
s im ila r  f ila m e n try  s t ru c tu re s  a re  apparen t on two tw in  system s i n  f i g  4«47»
A th in  f o i l  ta k en  from a fa tig u e d  specim en shows a h ig h  d e n s i ty  o f  
d is lo c a tio n s  i n  a band approx im ate ly  p a r a l l e l  to  th e  t r a c e  o f th e  tw in  
boundaries  ( f ig  4*48). This d e b r is  was s im i la r  to  t h a t  d e sc rib e d  i n  
C hapter 3 in  c r y s ta l  tw inned and untw inned, b e in g  composed o f  lo o p s and 
jogged d is lo c a t io n s .  ,
4 . 5 .4  Fatiffue F rac tu re
F a tig u e  c rack s  n u c lea te  and grow in  b a s a l  p la n es  o f  cadmium, z in c  and 
magnesium ( f i g . 4 . 3 ) and in  prism  p lan es  o f t i ta n iu m  ( f ig .4 # H ) .  Cracks
Fig»4»38 Tv/ins i n  magnesium a f t e r  f a t i g u e x 280
F ig e4«39a Twin 1 i*1 fig®4*38 showing f i lam e n ts  a t  
A and. B
x 750
Figo4.39h As F ig .4«39a a f t e r  s c ra tc h in g  w ith  diamond, 
ind  e n te r
x 750
F ig .4o40a Twin 2 in  f ig .4 « 3 8  showing filam en t a t A
x 600
Figo4«40h As f i g 04«40a a f t e r  s c ra tc h in g  w ith  diamond 
in d e n te r
x  600
P i g .4*38
P ig .  4.39a
Pig.4.39"b
F ig . 4*401)
'
.
_
Figo4«
Fig®4*
41 R ep l ica  o f  tw in s . in 'magnesium a f t e r  6.10^ cycles 
to  f a i lu re #
(a) x 4000
(b) x 4000
42 E x t ra c t io n  r e p l i c a  from tv/in boundary in  fa t ig u e d  
magnesium. D i f f r a c t io n  p a t t e r n  o f  magnesium 
m eta l obtained from filam en t shown#
x 32,000
P ig .  4 . 41b
F i g . 4.42
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Figo4»43 F a tig u e  damage and ■ whiskers a t  {1121} tv/in
in te r f a c e s  i n  t i ta n iu m .  Note damage confined 
to  one boundary, t h a t  boundary  ad jacen t  to  A 
i s  as p o l ish e d .
x 2400
F i g . 4 . 44a Whisker growths a t  {1121} tw in boundaries  a f t e r  
c y c l i c  s t r e s s i n g .  Note s l i p  t r a c e  v i s i b l e  
th rough  whiskers a t  A.
x 1320
*
F ig s4#44b As f ig .4 » 4 4 a  a f t e r  diamond s c ra tc h in g
x 1320
/ F ig .  4 .43
F i g . 4*44(a)
- ^
F i g . 4*44(b)
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F ig .4*45a Whisker growths a t {1121] twin in  titan iu m  a t A
x -1230
Fig.4«45b As in  fig .4 °4 5 a  a f te r  diamond sc ra tch in g .
N ote-sm all fragments a t  B. •
■x 1230
Figo4*46 Twin boundary damage in  cobalt a t A,
x 1700
F i g . 4 •47 Cobalt twinned by bending followed by f a t ig u e  
s t r e s s i n g .  Whisker growths a t  in t e r f a c e s  of 
narrow twins a t  A
x 550
Fig.4»48 D isloca tion  debris  around a [1121] tw in in te rfa c e  
in  a fa tig u e  specimen.
x 20,000
F ig .4 .45a
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Fig .4«46
Fig . 4.45t)
F ig .4.47
a lso  fo llo w  tw in  ’b o u n d a rie s•e .g .'cadm ium  f ig  4*49 and magnesium f ig  4 . 5 0 . 
When th e  tw in  volume f r a c t io n  i s  la rg e  an - ir re g u la r  f r a c tu r e  p a th  develops 
( f ig  4 . 51 ) .  The c rack  i s  c le a r ly  p ropagating  along th e  tv/in  fragm ent 
■ in te r f a c e s  as shown in  f i g  4 «52 . A c h a r a c te r i s t i c  f e a tu re  o f cracks in  
ti ta n iu m  i s  th e  very  lo c a l  n a tu re  o f th e  defo rm ation  a sso c ia te d  w ith  
f a t ig u e  f r a c tu r e s .  A tv/in  boundary c rack  in  ti ta n iu m  i s  shown-in f ig  4*53$ 
th e re  i s  no ev idence fo r  s l i p  a s so c ia te d  w ith  p a th s  1-2 and 3-4* In  
f i g  4*54 ex ten s iv e  deform ation  i s  apparent in  one g ra in  hu t i s  much le s s  
apparen t a t  1 and 2 . E x tensive  s l i p  i s  a s so c ia te d  w ith  an  i r r e g u la r  
c rack  p a th .
4 .6  D iscussion
D is lo c a tio n  damage due to  c y c lic  tw inning  i s  found below th e  su rfa c e  
o f  h u lk  specim ens a f t e r  c y c lic  s t r e s s in g .  However th e  behav iou r o f tw ins 
a t  a f r e e  su rfa c e  i s  expected to  d i f f e r  in  d e t a i l  from th a t  below th e  
su rface^  su rfa c e  behav iou r which, i s  p a r t i c u la r ly  im p o rtan t ‘in
f a t ig u e . h ■
At h ig h  s t r e s s  le v e ls  fresh , tw in s .can form co n tin u o u sly  d u ring  a 
f a t ig u e  t e s t .  The e f f e c t  o f low er s t r e s s  cy c lin g  on p re -e x is t in g  tw ins 
has not h i th e r to  been considered  in  d e t a i l ,  a lth o u g h  tw in  boundary damage 
i s  observed a t  s t r e s s  le v e ls  in s u f f i c i e n t  to  n u c lea te  f r e s h  tw in s . This 
i s  c o n s is te n t w ith  th e  f a c t  th a t  th e  s t r e s s  re q u ire d  to  grow a p r e - e x is t in g  . 
tw in  i s  much le s s  th an  th a t  re q u ire d  to  n u c lea te  a f r e s h  tw in  (C h a p te r  1 
V II 2 ) .  During b o th  h ig h  and low s t r e s s  f a t ig u e ,  tw in .frag m en ts  a re  
formed e i th e r  a t  th e  new tw in  p o s i t io n s  or a t  p re -e x is t in g  tw in  s i t e s s  
th e  i r r e g u la r  shape o f th e  fragm ents i s  in  marked c o n tra s t  to  th e  normal 
l e n t i c u la r  shape o f  tw ins c h a r a c te r i s t i c  o f u n id i r e c t io n a l  s t r e s s in g .  The 
c o n sid e rab le  in c re a s e  in  tw in  boundary a rea  a s s o c ia te d  w ith  tw in  fragm enta­
t i o n  may account f o r  th e  la rg e  in c re a s e  in  damping co in c id en t w ith  th e  onset
249'o f tw inning  in  a f a t ig u e  t e s t  .
I t  i s  known th a t  deform ation  tw in  growth fo llow ed by c o n tra c t io n  in  
io n ic  s o l id s ^ 2^ 2^ and in  b . c . c . - ^ 0 and c . p . h . ^ 1 ?^ 2 m eta ls  g e n e ra te s  
l a t t i c e  d e fe c ts  in  th e '.v ic in i ty  o f th e  tw in  in te r f a c e :  t h i s  damage w i l l
be p a r t i c u la r ly  sev e re  under fa t ig u e  c o n d itio n s . S ince b o th  la rg e  
l e n t i c u la r  tw ins and tw in  fragm ents behave in  a s im i la r  manner when su b jec te d  
to  c y c lic  s t r e s s e s  i t  seems reaso n ab le  to  assume th a t  tw in  frag m en ta tio n  
occurs as a consequence o f th e  d e fe c ts  produced during  th e  tw in  in te r f a c e  
m otion.
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F ig  .4
F ig . 4.
49 F a tig u e  c ra c k  in  cadmium p a r a l l e l  to  {1012J
tw in  boundary a t  A, and b a sa l p lan es  a t  B,
4a f t e r  10 c y c le s .
x 400
50 F a tig u e  crack  in  magnesium p a r a l l e l  to  basal- 
p lane  a t  B and tw in  boundary a t  A
■ x  75
F ig .4*49
F i g .4*50
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F ig .4. Pretw inned magnesium fa tig u e d  to  f a i l u r e  in  
10 c y c le s .
N ote v e ry  i r r e g u la r  crack  p a th  a t  A
x 50
F ig .4 .52a Area from f i g . 4*51 a f t e r  e le c tro p o l is h in g . 
Crack fo llow ing  tw in  in te rfa c e s -  a t  A.
x 310
F i g .4.51
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F ig .4*5213 Area from f i g . 4*5^ a f te r  e le c tro p o lish in g . 
Crack follow ing tw in  in te rfa c e s  a t  A.
x 310
F ig .4*53 Titanium e lec tro p o lish ed  and fa tig u ed  to f a i lu r e
in  6.10^ cy c les . F atigue crack 1 -  2 - 3  -  4 -  5* 
P a r ts  2 -  3 and 4 -  5 p a r a l le l  to  {1121} tw in 
in te r f a c e .
F ig .  4 • 5213
F ig .  4*53
-  106 -
t ;
F ig .4*54 Crack path, in  t i ta n iu m .
Smooth crack a t  1 and 2, i r r e g u l a r
crack p a th  a t  3 and 4 » where
ex tens ive  s l i p  has occurredr  x 550
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Tlie su rfa c e  f ila m e n try  grow ths a sso c ia te d  with, tw in  boundary 
fa t ig u e  damage have not h i th e r to  been re p o rte d  * The predominance of 
oxide d i f f r a c t io n  p a tte rn s  from e x tr a c t io n  r e p l ic a s  o f th e  f ila m e n ts  from 
magnesium specim ens suggested  an o x id a tio n  mechanism fo r  th e  fo rm ation  o f 
th e  filam e n ts  and hence p o s s ib ly  fo r  c rack  n u c le a tio n . An analogous 
s i tu a t io n  was considered  f o r  f a t ig u e  s l i p  band c rack ing  by F a j i t a ‘S .
Some in d ic a t io n  o f th e  d if fe re n c e s  in  su rfa c e  behaviour r e s u l t in g  
from tw inning was o b ta ined  in  a magnesium specimen* A tw in  was grown, 
and th e  su rfa c e  chem ica lly , p o lish e d  to  mark th e  tw in  boundary p o s i t io n s  
and th e n  untwinned s l ig h t ly *  The appearance o f th e  su rfa c e  a f t e r  exposure 
to  la b o ra to ry  a i r  o v e rn ig h t i s  shown in  f i g  p a re n t i s  un ifo rm ly
ta rn is h e d  (a t  A), th e  tw in  only  s l i g h t l y  changed ( a t  B) and th e  untw inned 
re g io n  (a t C) most s e v e re ly  ta rn is h e d .
The shape changes produced by th e  tw inning  sh ea rs  haVe been 
summarised f o r  [10T2] and j |1 2 1 } tw ins in  C hapter 1. A f r e e  s u r fa c e  i s  
t i l t e d  by th e  tv/inning sh ea r and i t s  o r ie n ta t io n  i s  changed. Some 
examples o f th e  sen se  o f th e  s t r e s s e s  and th e  o r ie n ta t io n  changes invo lved  
a re  g iven  below fo r  th e se  tw ins in  t i ta n iu m .-
■ Twin
O rie n ta tio n  of 
S u rface  b e fo re  
Twinning
O rie n ta tio n  of 
S urface  a f t e r  
Twinning
S tre s s  in  S u rface
(1012) ( o o o t ) 5° o f f  (T010) com pressive
( 10T0 ) 5° o f f  (0001) . t e n s i l e
( T T 2 1 ) (0001) 3° o f f  (I12n) 
6 > n > 3
no d im ensional 
change
(0T10) 5° o f f  (0TT0 ) •com pressive
A conce ivab le  o x id a tio n  model fo r  w hisker grow th may th u s  be based 
upon th e  d is ru p t io n  o f  th e  e p i ta x ia l  oxide- la y e r  by re p ea ted  tw in  grow th 
and c o n trac tio n *  .
F or example,- a f t e r  grow th o f  a (1012) twin, i n  a  (1010) s u r f a c e ,  th e  
oxide may be cracked b y -th e  sim ultaneous change i n  s u b s t r a te  o r ie n ta t io n  
and th e  t e n s i l e  s t r e s s e s .  F u r th e r  oxide fo rm atio n  a t  th e  exposed s u rfa c e  
w i l l  be e p i ta x ia l l y  r e la te d  to  th e  (0001) p lane  in  th e  tw in . However 
during' untw inning th e se  a reas  r e v e r t  to  (IOIO) and th e  oxide i s  su b je c te d  
to  com pressive s t r e s s e s .  I t  i s  p o ss ib le  th a t  r e p e t i t io n  o f  t h i s  p ro cess
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F i g . ^.55
E f fe c t  of o r ie n ta t io n  on the  o x id a tio n  of magnesium in  
a i r 0 Specimen twinned and e le c tro p o l ish e d  to  mark 
p o s i t io n s  of twin boundaries a t  A and B, Twin 
untwinned s l i g h t ly  by bending, new tw in  boundary p o s i t io n s  
a t  A1 and B*. Exposed to  a i r  fo r  24 hours.
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during  fa t ig u e  could, lead  to  p ro g re ss iv e  d eg rad a tio n  o f th e  su rfa c e  
and c rack  n u c le a tio n . The e f f e c t s  w i l l  he g re a te r  in  [1121} tw inning 
because o f  th e  la rg e  tw inning sh ea r fo r  t h i s  system .
. • The absence o f  tw in  boundary w hiskers in  z in c  i s  not r e a d ily  
exp lained  on t h i s  model, n o r’th e  magnesium d i f f r a c t io n  o b ta in ed  from 
some f i la m e n ts .  The s im i la r i ty  between th e se  f ila m e n ts  and th e  s l i p  
band e x tru s io n s  su g g es ts  th e  p o s s ib i l i t y  th a t , a s im ila r  d is lo c a t io n  model 
i s  a p p lic a b le  to  b o th  phenomena. The d is lo c a t io n  d e b ris  a s s o c ia te d  v/ith  
untw inning has a lre a d y  been invoked to  ex p la in  th e  subsequent fo rm atio n  
o f s l i p  band e x tru s io n  in  untw inned c r y s ta l .  I t  i s  th e re fo re  suggested  
th a t  th e  d is lo c a t io n  d e b r is  produced during  c y c l ic  tw inning  i s  re sp o n s ib le  
f o r  th e  w hisker g row th . '**
In  the  fo llo w in g  C hapters th e  in te ra c t io n s  between d is lo c a t io n s  and 
[10?2 ] and [1121 ] tw in  boundaries a re  co n sid e red . A more d e ta i le d  
d isc u ss io n  o f th e  o r ig in  o f th e  tw in  boundary d e b r is  and th e  mechanism 
o f w hisker grow th w i l l  th en  be p re sen ted  in  th e  f i n a l  d is c u s s io n  based  
upon th e  a n a ly s is  o f  th e  above in te r a c t io n s .  .
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Chapter 5
Role o f [1012 ] Twinning in  th e  Deformation, 
o f  H .C .P. M etals
5*1. -Resolved Shear S tr e s s  F a c to rs  fo r  S lip  and f 10T2 j<T011> Twinning
I t  I s  c le a r  from th e  p re se n t r e s u l t s  th a t  in te r a c t io n s  betw een
d is lo c a tio n s  and tw in  boundaries in flu en c e  th e  behav iour o f tw in s .
Furtherm ore, i t  was noted in  C hapter 1, th a t  a lth o u g h  th e  r e q u i s i t e
f iv e  independent s l i p  modes may no t be a v a ila b le  i n  h .c .p .  m e ta ls , th e
193 202cd u c t i l i t y  i s  o f te n  c o n s id e ra b le . I t  has th e re fo re  been suggested
• t h a t  tv/inning p ro v id es  a d d it io n a l  deform ation  modes, a lth o u g h  th e
mechanism whereby t h i s  i s  achieved  i s  not y e t c le a r .
One p o s s ib i l i t y ,  f re q u e n tly  s ta te d  in  th e  l i t e r a t u r e , ^ 7 -4*334
th a t  tw inning promotes d u c t i l i t y  b y /.re o r ie n ta tin g  the ' c r y s ta l  in to
p o s it io n s  more fav o u rab le  fo r  s l i p .  However no com prehensive s tu d y  of
th e  r o le  o f  tw inn ing  in  prom oting s l i p  has been re p o r te d , a lth o u g h  some.
s p e c i f ic  examples have been d iscu ssed  fo r  b a sa l  s l i p  and [-1012] tw inn ing
in  z in c  7 7 7 7 and magnesium J and fo r  [3034 ] tv/inning in  magnesium «
In  th e  fo llo w in g  Chapters an a ttem pt i s  made to  d e f in e  th e  r o le  o f
tw inn ing  in  th e  deform ation  o f h .c .p .  m e ta ls . Two a sp e c ts  o f th e  problem
have been co n sid e red . F i r s t l y ,  t o • what e x te n t does tw inning  r e o r ie n ta te
th e  p a ren t so th a t  th e  a b i l i t y  to  s l i p  i s  increased?. Secondly , does
tw inn ing  In c re a se  th e  d u c t i l i t y  by n u c lea tin g  s l i p  in  <c+a> d ire c t io n s ?
The work done by th e  ap p lie d  s t r e s s  p rov ides th e  energy  fo r  tw inning
and th e  re so lv ed  sh ea r s t r e s s  in  th e  tw inning  p lan e  and tw inn ing  d i r e c t io n
should  be p o s i t iv e ^ .  The re so lv ed  sh ear s t r e s s  i s  p ro p o r tio n a l to  the
Schmid f a c to r ,  g iv en  by cos X cos 9 , where X and 9 a re  th e  an g les  between
th e  d i r e c t io n  o f th e  ap p lied  s t r e s s  and th e  tw in  p lane  normal and th e
sh ea r d i r e c t io n  re s p e c tiv e ly . The o p e ra tiv e  tw in  system  sh o u ld .b e  th a t
having  th e  maximum Schmid f a c to r .  I n  b . c . c .  m e ta ls  th e  observed  tw in
system s a re  th o se  w ith  th e  h ig h e s t Schmid f a c to r s  • This c r i t e r i o n  
* 337has been used by W illiam s to  d e riv e  th e  o r ie n ta t io n s  f o r  which tw inn ing
on one system  i s  most l ik e ly  to  occur in  b . c . c .  c r y s ta ls  and a s te r e o -
g ra p h ic  techn ique  f o r  determ in ing  the.Schm id f a c to r s  fo r  s l i p  in  any
c r y s ta l  s t r u c tu r e  has been r e p o r te d ^ ^ .  Reed—H i l l  has d iscu ssed  th e
a v a i l a b i l i t y  o f s l i p  and tw in  modes in  zirconium  by comparing curves o f 
142Schmid fa c to r s  . / ■ * .
/  I t  has proved d i f f i c u l t  to  determ ine a c r i t i c a l  re so lv ed  sh e a r
-  1 1 1 -
s t r e s s  fo r  tw inning in  h .c .p .  m e ta ls^ 5 > 9 7 ?1 4 9 e A lthough th e  Schmid 
f a c to r  c r i t e r io n  can .accoun t f o r  GoughTs o b se rv a tio n ^ 0^ th a t  tw inn ing  in  
z in c  i s  ab sen t on th o se  ( 10T2 ] p lan es  co n ta in in g  th e  s l i p  d i r e c t io n ,  i t  
i s  l e s s  su c c e ss fu l in  p re d ic t in g  which o f  the. rem aining [1012 ] tvdns 
s h o u l d  o p e r a t e * ^ ? 340^ - j - n  c ry s ta ls  e x ten s iv e  [ 101*2 ] tw inn ing  has
been re p o rte d  when th e  t e n s i l e  ax is  i s  near [ 0001 ] ( in  magnesium22^- and
341 6 ' ' rt i ta n iu m  1 o r when th e  com pression ax is  i s  n e a r ly  normal to  10001] ( in
m a g n es iu m ) '^ . Then tw inning  on s ix  [101*2] system s occu rred , b u t two
tw in  system s belong ing  to  th e  same zone p re d o m in a te d '^ ’ 2^ .  A d i f f e r e n t
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r e s u l t  was o b ta in ed  by R osi ^ who found on ly  one o p e ra tiv e  tw in  system  in  
s im i la r ly  o r ie n te d  t ita n iu m  c r y s ta l s .
I n  a re c e n t d e ta i le d  s tu d y  o f [1012 ] tw ins in  z in c , Cooper and
16 6  ’ *Washburn found th a t  th e  p resence  o f  one such  tw in  reduced th e  s t r e s s
f o r  n u c le a tio n  o f  a second tv/in  which alm ost always occurred  on a co n jugate
1 Rft — *
p la n e . I n  rhenium , [1121] ty p e  tw ins were n u c lea ted  w ith  Schmid
fa c to rs^  o f 0.31 and O.36  b u t no [1012] type tw ins were d e te c te d , a lth o u g h  
th e  Schmi'd f a c to r  f o r  th i s  system  was approx im ately  0.45*
* I t  i s  e q u a lly  d i f f i c u l t  to  p re d ic t  th e  a c t iv e  tw in  system s i n  po ly ­
c r y s ta l s .  I n  p o ly c ry s ta l l in e  magnesium, f o r  example, many o f  th e  a c t iv e
342tw in  system s appeared to  oppose th e  ap p lied  s t r e s s  . I n  m ercury s in g le
c r y s ta l  tw ins occu rred  in  p a i r s  even when th e  re so lv ed  sh ea r s t r e s s  f o r
343one was u n fav ourab le  . C le a rly  th e  r e l i e f  o f  lo c a l  s t r a in s  around
tw ins i s  an im p o rtan t f a c to r  c o n tro l l in g  subsequent tw in  n u c le a t io n  and •
grow th and th e n  th e  Schmid f a c to r  a lone  may not determ ine th e  o p e ra tiv e
tw in  system . A s im ila r  co n c lu s io n  has been reached  fo r  tw inn ing  i n
257 'm eta ls  su b jec te d  to  shock lo ad in g  c o n d itio n s  . ,
There i s  no doubt th a t  in  th e  m a jo rity  o f experim en ts, s l i p  p ro c e sses  
c o n tro l b o th  tw in  n u c le a tio n  and grow th, and hence a c r i t i c a l  re so lv e d  
sh ea r s t r e s s  f o r  tv /inning would no t be e rp e c te d ^ . . For t h i s  re a so n  a 
knowledge o f th e  Schmid f a c to r  f o r  th e  a c t iv e  tw in  and s l i p  system s I s  
l ik e ly  to  be im p o rtan t in  any fu tu r e  a n a ly s is  o f th e  tw inning mode o f  
defo rm ation . I t  ‘i s ■th e re fo re  proposed i n  t h i s  Chapter to  compare th e  
Schmid fa c to r s  f o r  tv/inning and f o r  s l i p  in  p a re n t and tw inned c r y s t a l  as 
a fu n c tio n  o f th e  o r ie n ta t io n  and sense  o f th e  s t r e s s .  Schmid f a c to r s  
f o r  [1012] tw inning  in  t i ta n iu m  have been c a lc u la te d  f o r  s t r e s s  axes ly in g  
in  [101*0] and [1120 j p la n e s . The Schmid f a c to r s  f o r  a l l  b a s a l  and p rism  
s l i p  system s In  tw in  and p a ren t m a tric e s  a re  th e n  compared. G iven th e  
s t r e s s  a x is 'a n d  th e  sense  o f th e  s t r e s s ,  a method has been developed
1 1 2  -
which, allow s th e  Schmid f a c to r  to  he determ ined f o r  any tw in  system  and 
f o r  any s l i p  system  in  th e  p a ren t c r y s ta l  and in  any tw in . The
g e n e ra l conclusions app ly  e q u a lly  w ell to  any h .c .p .  m etal having
c /a  < /3 . Thus magnesium and "beryllium , which s l i p  on b a sa l p la n e s , 
can he compared w ith  ti ta n iu m  and zirconium  which s l i p  on prism  p la n e s . 
5 -2  Method Adopted fo r  D escrib ing  Schmid F a c to r Curves
There a re  two a l te r n a t iv e s ,  e i th e r  th e  s t r e s s  ax is  i s  f ix e d  and a l l  
■ tw ins and t h e i r  re le v a n t s l i p  system s a re  considered  in  tu rn ,  o r th e  tw in  
system  i s  f ix e d  and th e  s t r e s s  a x is  v a r ie d . The r e s u l t s  o b ta in ed  in  th e  
two cases a re  e q u iv a le n t, hu t th e  second a l te r n a t iv e  i s  convenien t f o r  
computing th e  Schmid f a c to r  cu rv es.
Only s t r e s s  axes ly in g  in  J l o T o ]  and £1 1 2 0  ] a re  co n sid e red . The
*  t
s t r e s s  a x is  i s  d e fin ed  by th e  p lan e  in  which i t  l i e s ,  and 6 5 th e  ang le  
i t  makes w ith  [0001] i n  th e  p a re n t m a trix .
A s ig n  convention  i s  adopted fo r  0 , th e  s ig n if ic a n c e  o f  which w i l l
become ap p aren t in  th e  t e x t . .  For th i s  purpose a p a r t ic u la r  tw in  i s  
considered  and th e  stereogram  d iv id ed  in to  two h a lv e s , each h a l f  b is e c te d  
by th e  p lane  o f sh ea r o f th e  tv /in . The ang le  0 i s  th en  ta k en  as p o s i t iv e  
in  th a t  h a l f  co n ta in in g  th e  tv/in p o le  and n eg a tiv e  in  th a t  h a l f  co n ta in in g  
th e  tw inning sh ea r d i r e c t io n  (F ig .5*1)• The s t r e s s  a x is  p lan es  a re  
l e t t e r e d  (a ) to  (d ) ,  p o s i t iv e  and n eg a tiv e  s ig n s  in d ic a t in g  t h a t  p o r t io n  
o f th e  p lane  f o r  which 0 i s  p o s i t iv e  or n eg a tiv e  r e s p e c t iv e ly .
I t  must be remembered th a t  l e t t e r  symbols r e l a t e  th e  p la n es  to  a
p a r t i c u la r  tw in  i . e .  ( 10T2 ) in  F ig .5 . 1 . E qu iv alen t symbols f o r  o th e r
tw in  system s a re  l i s t e d  i n  Table 5*1*
' \  I t  w i l l  be shown th a t  s t r e s s  axes ly in g  in  p lan es  having id e n t ic a l
l e t t e r  symbols w i l l  g ive  r i s e  to  id e n t ic a l  Schmid f a c to r  cu rves fo r  
tvann ing  and fo r  s l i p .  This a p p lie s  to  a l l  tw in  system s i f  account i s  
tak en  o f  th e  r e la t io n s h ip s  in  Table 5*1 •
5 .3  {1 6 T2 } < T 0 1 1 > Twinning
5 .3 .1  • C ry s ta llo g rap h y  o f Twinning
The c ry s ta llo g ra p h y  o f tw inning  in  h .c .p .  m eta ls  i s  summarised in  
C hapter 1 .  In  t h i s  Chapter, th e  ( 10T2 ) tw in  in  t i ta n iu m  i s  co n sid e red  
having  tw inning  e lem en ts.
K = (V0T2 )  '01 =  [ T 011]
<
ic  -  (T012 )  "0, -  £ioTi3
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IOIO
OIIO
[|2ioLT|
I IOC
[l I2o]
I IOO
IO II- I) ,
Ol IOt I I O O t
M / T
OIIO
IOIO
g. 5.1 Stereographic projection of poles in parent and in (lOI2) matrix 
(subscript T). Burgers vector enclosed in C 3. Note that positive 6 lies in
sem i-circ le  T2T O - O O - 1210
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Table 5.1
INDICES OF STRESS AXIS FLAMES FOR ?10T2 j TWINS
S tr e s s  ax is  p lan e  in  s tan d a rd { 1 0 T 2 ] < 1 0 1 1 > tw in  system s
t r i a n g le  (p a re n t m a trix ) 1
1012
2
0 1 1 2
. 3 
T 1 0 2
4
1 0 1 2
5
0 1 1 2
6
1 7 0 2
( 1 2 1 0 ) a c - c •"*£1 -c c
( 1T00 ) b b d - V —b - d
in d ic a te s  th a t  n eg a tiv e  v a lu es  o f G . should  he tak en  when r e f e r r in g  to
th e  Schmid f a c to r  cu rves.
Table 5*2
EFFECT OF SENSE OF STRESS Oh TWINNING
Sense o f ap p lied  
s t r e s s
Sign o f Schmid f a c to r  fo r  tw inn ing
•f* ' -
T e n s ile Tv/in grows Twin c o n tra c ts
Compressive Twin c o n tra c ts Twin grows
These elem ents and ^  a re  shown in  f i g . 1 .12 , on a s tan d a rd
[0001] s te reo g ram . The p o s i t io n s  o f ~ < 1 1 2 0 >  B urgers v e c to rs  in  th e
p a re n t m a trix  and in  th e  tw inned c r y s ta l  a re  shown in  f i g . 5 . 1 . The tv/in
14p o le s  a re  numbered accord ing  to  th e  convention  adopted e lsew here , and 
th e  [1010] and {1120 ] p lanes l e t t e r e d  accord ing  to  th e  convention  d e sc rib ed  . 
i n  paragraph  2 .
The shape change produced by th e  tw inning  sh ea r i s  shown sc h e m a tic a lly  
in  f ig .1 .1 1 h .  I t  i s  p o s s ib le  to  c a lc u la te  th e  change in  le n g th  a lo n g  any 
g iven  d ir e c t io n  a f t e r  complete tw inn ing  u s in g  th e  fo llo w in g  equation^?
1 + 6  •- 7 7 “ -  (1 + 2 S  cos 9 cos X + s in ^  (90 - 9 ) )^
o .
> t. *
where ZQ = le n g th  b e fo re  tw inn ing  ;
Z = le n g th  a f t e r  tw inn ing
S  = tw inn ing  sh ea r
*9 and A a re  th e  an g les between 'Z and th e  normal to  and
and th e  d ire c t io n 'l l^  re s p e c t iv e ly .
Maximum v a lu es  o f 6 occur fo r  axes ly in g  in  th e  p lane  o f s h e a r ,  i . e .  
(1210) fo r  th e  ( 10T2 ) tw in . For axes ly in g  in  and K^, 6 becomes ze ro , 
b u t has n eg a tiv e  v a lu es  in  th e  a cu te  ang le  between and ( i . e . ,
c o n tra c tio n  o ccu rs) and p o s i t iv e  in  th e  obtuse ang le  between and 
( i . e .  ex ten s io n  o c c u rs ) . E quation  ( l )  only  a p p lie s  when a c r y s t a l  i s  
com pletely  converted  to  tv/in o r ie n ta t io n .  The d im ensional changes 
produced by d i f f e r e n t  {10T2 } tw ins a re  summarised in  f i g . 5*2 where 
th e .s ta n d a rd  t r i a n g le  i s  sub d iv id ed  by th e  p lan es  o f tw ins 4 ? 5 
and 3 .
For sm all tw in  lam e llae  and f o r  axes ly in g  between and th e  p lane
normal to  tl , th e  dim ensional changes a re  not th o se  d ep ic ted  by $ , fo r
39th e  axes c o n tra c t  in s te a d  o f extend F ig .5 .3  summarises th e
dim ensional changes produced by sm all tw in  la m e lla e . The diagram  i s$
c o n stru c te d  by drawing g re a t c i r c l e s  corresponding  to  p lan es  normal to  
Hj f o r  each tw in . There a re  n ine  d i s t i n c t  f i e ld s  compared v/ith. fo u r  
in  f i g .  5 *2 .
5 .3 .2  Schmid F ac to rs  fo r  Tv/inning (f t )
An in d ic a t io n  o f th e  e f f e c t  o f th e  o r ie n ta t io n * o f  an a p p lie d  s t r e s s
(v  Y on th e  sh ea r mode o f e i th e r  s l i p  o r tw inning  may be o b ta in ed  by 
' A .
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1012 /> ;
IOIO
o  OOOI
1012
1120
IOIO
F i g .  5 . 3 1 ^ C h a n g e  in le n g t h  a s  a  f u n c t i o n  o f
&g. 5 . 2  C h a n g e  in l e n g th  a s  a  f u n c t io n  o f  
o r ie n t a t i o n  f o r  c o m p le t e  t w in n in g  o n  { 1 0 1 2 }
A All twins cause extension,
B 1,4  cause contraction
2.3.5.6  cause extension 
C 1,4 ,2 ,5  cause contraction
3.6 , h , extension
D All twins cause  contraction
Boundary lines 4 .5 ,3  represent Kj planes for 
these twins
o r i e n t a t i o n  f o r  i n c o m p l e t e  t w in n in g  o n  ( 1 0 1 2
A l All twins cause  • • extension
a 2 1 causes contraction
2 , 3 , 4 , 5 , 6 cause extension .
A 3 1,2 cause contraction
3 , 4 , 5 , 6 it extension
B| 1 ,4 .11 contraction
. 2 . 3 , 5 , 6 11 extension
b 2 1 ,2 ,4 . it contraction
3 , 5 , 6 m extension
b 3 1 , 2 , 4 , 6 11 contraction
3 , 5 11 extension
C, 1 , 2 , 4 , 5 cause contraction
3 , 6 11 extension
C 2 1 ,2 ,4 ,5 , 6 n contraction
3 extension
D All twins cause contraction
. Boundary lines 4 ,5 ,3  represent K| planes  
th ese  twins 
Lines 1,2,6 represent plane normal to  n. for  
th ese  twins
r e s o lv in g .th e  s t r e s s  in  th e  sh e a r  p lane and in  the  sh ear d i r e c t io n 1 
e .g .  TrR = cos 9 cos \  (5 *1 )
where = re so lv ed  sh ear s t r e s s
<? = ang le  between sh ea r p lan e  norm al'and th e  s t r e s s  a x is
k = ang le  between th e  sh ea r d ire c tio n -a n d  th e  s t r e s s  a x is .
The o r ie n ta t io n  dependence o f  tw inning can be considered  in  term s o f 
th e  Schmid f a c to r  F ,^ = Values o f F^ were ob ta ined  f o r  ap p lied
s t r e s s in g  a c tin g  along d ire c t io n s  ly in g  in  [1 o T o ] and [1 1 2 0 ] p lan es  
( f ig * 5 »4 )» I f  a ( 1012) tw in  i s  consid ered , th e  curves ( a ) ,  (b ) ,  e tc .  
r e p re s e n t  va lu es  o f  F^ f o r  ( 1012) [ 1*011] tw ins when th e  s t r e s s  axes l i e
in  p lanes ( a ) ,  (b ) ,  e tc .  i n  f i g . 5 »1 *
Fig*5*4 may a ls o  be used to  determ ine v a lu es  o f  F^, f o r  any o f th e
s ix  {10T2 ] <101.1 > system s fo r  s t r e s s  axes ly in g  in  th e  p lanes o f  th e
s tan d a rd  t r i a n g le ,  (f ig « 5 » 3 ). Table 5 .1  shows th a t  th e  F^ curves fo r  
a l l  tw ins a re  e i th e r  (a )  or (c ) ty p e  f o r  th e  ( 1210) p lane  and e i th e r  (b) 
o r .(d) type fo r  th e  (1100) p la n e . Given a s t r e s s  a x is  in  th e  s tan d a rd  
t r i a n g le  (d e fin ed  by 0 and th e  s t r e s s  ax is  p la n e ) , th e  Schmid f a c to r  fo r  
tw inn ing , F^, on any system  can be determ ined by r e f e r r in g  to  Table 
s e le c t in g  th e  p a r t ic u la r  tw in  and n o tin g  th e  Schmid f a c to r  curve 
c h a r a c te r i s t i c  o f th a t  tw in . This curve in  f i g . 5*4* to g e th e r  w ith  th e
v a lu e  o f 0 d e fin e s  th e  a p p ro p ria te  Schmid f a c to r .
The convention  adopted i s  such th a t  t e n s i l e  s t r e s s e s  
and p o s i t iv e  v a lu es  o f F^ , o r a l t e r n a t iv e ly  com pressive s t r e s s e s  and 
n eg a tiv e  v a lu es  o f  in d ic a te  th a t  th e  work done favours tw in  grow th .
I t  ;Ls w ell known th a t  s t r e s s  re v e r s a l  a f t e r  tw in  grow th can cause tw in s  
to  c o n tra c t ( i . e .  u n tw in ). The e f f e c t s  o f  s t r e s s e s  having  d i f f e r e n t  
V sen ses  o f tw in  behav iour a re  summarised in  Table 5*2.
Curves (a ) -  (c ) in  fig*5*4» a re  s im i la r ,  reach in g  maximum v a lu es  
c lo se  to  [ 0001] ^ ,  and p assing  th ro u g h  zero when th e  s t r e s s  a x is  l i e s  
e i th e r  in  (-0 )  o r  in  th e  p lan e  normal to  (+0)* Curve (d) i s  
unique s in c e  i t  i s  ’sym m etrical about th e  c -a x is  and th e  F^ v a lu e s  rem ain 
p o s i t iv e  f o r  a l l  v a lu es  o f  0 excep ting  +^0° .
. * Values o f  0 f o r  which 6 = 0 , a re  superim posed on th e  F^ curves in
f i g . 5 . 4 . For axes ly in g  in  E j ,  b o th  6. and F^, a re  zero  f o r  equal v a lu e s  
o f  0 . However F^ becomes n e g a tiv e , w h ils t  6 rem ains p o s i t iv e  f o r  s t r e s s
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axes ly in g  "between th e  p lane normal to  and E^. This anomaly i s
e f f e c t iv e ly  due to  th e  f a c t  t h a t  6 a p p lie s  to  com plete tw inning  (see
p a r a .5 -3 .1 ) ,  w h ils t  th e  grow th o f a sm all tw in  la m e lla  i s  c o n tro l le d
39hy th e  Schmid f a c to r  7* I t  i s  proposed In  t h i s  th e s i s  to  d isc u ss  tw in  
la m e lla e . F ig .5*3 in d ic a te s  th e  tw ins favoured  hy an ap p lied  s t r e s s  
and th e  r e l a t i v e  F^ v a lu es  a re  de riv ed  from Tahle 5 .1  and f i g . 5 . 4 .
5*4 S lip  Systems
The fo llo w in g  tra n s fo rm a tio n  o f B urgers v e c to rs  occur when 
~  <1120> ty p e  d is lo c a t io n s  e n te r  a ( 1012) t w i n ^ ^ a \
•1 [?2T0Jm ' -  y  [T2T0J t  } Type (1 ) (5 -2 )
|  [2TT0 ]m I [1213]t  -  l>t  V ' (5 -3 )
J  Type (2)
3 £112°V -*• |  Cf2T30T -  j (5.4)
**
where h y  re p re s e n ts  a tw inning, d is lo c a t io n .  I n  type  (1) in te r a c t io n s
th e  v e c to r  i s  unchanged in  m agnitude and d i r e c t io n .  Only g l i s s i l e  
1 —
• j < 1 1 2 0 > d is lo c a t io n s  g l id in g  in  (0001) and [11*00 ] p lanes a re  co n sid ered  
i n i t i a l l y .  *
The Schmid f a c to r  curves were determ ined hy m easuring v a lu es  of 0 
and X in  eq u a tio n  (2 ) f o r  B urgers v e c to rs  i n  th e  tw in , ( F ^  and Fp^
curves fo r  h a sa l  and prism  s l i p  r e s p e c tiv e ly )  and in  th e  p a re n t m a trix
^BM an^ ^PM curv,es *^ o r ^asa l  an<^  prism  s l i p  r e s p e c t iv e ly ) .  The 
v a r ia t io n  in  th e  Schmid f a c to r s  f o r  s t r e s s  a x is  p lan es  (a ) — (d) a re  
p re se n te d . The s l i p  system s a re  indexed w ith  re sp e c t to  th e  (1012) 
tw in  fo r  convenience. F^ curves f o r  th i s  tw in  and th e  maximum F^ 
v a lu e s , on any tw in  system , a re  superim posed on th e  curves fo r  s l i p .
5 . 4 . I  Schmid F a c to rs  fo r  B asal S lip  in  P a re n t and Twin 
The Schmid f a c to r  curves a re  shown in  f i g . 5*5. For axes in  th e  
fo u r  s t r e s s  a x is  p la n e s . I n  h o th  (a ) and (c ) p la n e s , th e  F ^  curves a re  
s im i la r ,  rem aining zero f o r  one s l i p  system , w h ils t  th e  o th e r  two s l i p  
system s have equal F -^  v a lu e s . Moreover Fp^ curves i n  p lan es  (h) and (d) * 
a re  a lso  id e n t i c a l .  4*^ v a lu e s  approach a maximum as FmT te n d s  to  zero  
and v ic e  v e rs a , excep ting  v a lu es  o f  0 = +^0° i n  p lan es  (d ) .
F or s l i p  i n  th e  tw in  c r y s ta l  on ly  near 0 = 0  a re  v a lu e s  minimum,
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' when F^ v a lu es  approach, maximum. va lu es  a re  la rg e  in  p lane  (b ) ,
v e ry  sm all in  p lane  (d ) , and rem ain zero fo r  one system  in  p la n e ° ( a ) .
5*4*2 R e la t iv e  Schmid F a c to rs  fo r  B asal S l ip  in  P a ren t and Twin 
From f i g .  5*5 ^he r e l a t i v e  Schmid fa c to r s  can he decided f o r  any 
tw in  system  and f o r  any p o s i t io n  o f the  s t r e s s  a x is .
5*4*2.1 R atio  o f  Maximum Schmid F ac to rs
The r a t i o  o f th e  maximum Schmid f a c to r s  fo r  s l i p . i n  tw in  
and p a re n t m a trix  can he determ ined fo r  any g iven  va lue  o f 0 . This 
d a ta  i s  p re sen ted  i n  f i g .5*6. S lip  i s  favoured  i n  th e  tw in  when th e  
Schmid f a c to r  r a t i o  i s  >1 and in  th e  m a trix  when th e  r a t i o  i s  < 1 . Care 
must he tak en  in  in te r p r e t in g  th e se  curves fo r  v a lu es  o f G near 0° and 
+^0°, fo r  when th e  Schmid f a c to r  f o r  s l i p  in  one m a trix  ten d s  to  z e ro ,
••• i
even a sm all Schmid f a c to r  fo r  s l i p  i n  th e  o th e r  m a trix  g iv e s  an i n f i n i t e l y  
sm all v a lu e  f o r  th e  r a t i o .  N ev erth e le ss  th e  g e n e ra l tre n d  i s  a p p a re n t.
For n eg a tiv e  0 and p o s it iv e . Schmid f a c to r s ,  f o r  tw in n in g , th e  r a t i o  
i s  <1.0 f o r  a l l  p lan es  (a ) r  (d ) ,  except near [0001] ^ .  For p o s i t iv e  0 , 
th e  r a t i o  has v a lu es  « 1 . 0  over a la rg e  o r ie n ta t io n  range in  p lan e  (d ) .
For a l l  p lan es  (a ) -  (d) extrem e v a lu es  o f th e  Schmid f a c to r s  r a t i o s  
occur e i th e r  in  th e  tw in  o r in  th e  m atrix  near 0 = 0 o r ±$0 ° (see
p a ra .5 * 5 * 0 *
5*4*2.2 R a tio s  o f Schmid F ac to rs  fo r  Type J H  D is lo c a tio n s  
in  P a ren t and Twin
1 _
For any tw in  system  only  on© •j<1120>  type B urgers v e c to r  
can g lid e  th ro u g h  th e  tw in  in te r f a c e  w ithou t tran sfo rm in g  to  a  d i f f e r e n t  
v e c to r .  F or th e  (1012) tw in  th e  v e c to r  i s  Hh [1210]. The r a t i o s  o f th e  
v a lu es  o f th e  Schmid f a c to r s  f o r  t h i s  B urgers v e c to r ,  in  th e  tw in  and in  
th e  m a trix , a re  g iv en  in  f ig * 5*7*
I n  s t r e s s  a x is  p lan es  ( a ) ,  th e  Schmid f a c to r  f o r  t h i s  system  rem ains 
zero , The r a t io s  suggest s l i p  shou ld  con tinue  th rough  th e  tw in  boundary 
f o r  approxim ate v a lu es  o f  0 o f  —65° and +60° f o r  (c ) and —50° ala& +46 fo r  
(* ) .  i . e .  when th e  r a t io  o f  Schmid f a c to r s  i n  th e  tw in  and p a re n t m a tric e s  
f o r  th e  g l i s s i l e  d is lo c a t io n s ,  approach u n i ty .  But a t  th e se  v a lu e s  o f  0 , 
th e  Schmid f a c to r  f o r  tw inning  i s  v e ry  sm a ll.
5*4*3 Schmid F ac to rs  fo r  P rism  S l ip  in  P a ren t and Twin 
In  th e  p a ren t c r y s ta l  Fp^ curves a re  id e n t ic a l  i n  a l l  p la n es  (a )  to  
(d ) in  f i g . 5 .8 . s in c e  Fp^ f o r  one s l i p  system  rem ains z e ro , w h ils t  th e
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o th e r  two s l i p  system s have equal Fp^ v a lu e s . In  a l l  th e  p la n e s , F^ 
v a lu es  a re  n e a r ly  maximum, when th e  Fp^ v a lues a re  near zero , i . e .  when 
0 i s  near [0001] F^ v a lu es  a re  la rg e ,  hut. n e g a tiv e , a t  0 = +90° ,  
where Fp^ v a lu es  a re  a lso  la r g e .  Note t h a t  F^ f o r  curve (d) i s  zero 
a t  6 = +90° .  "
In  tw in  c r y s ta l  th e  s im p le s t behaviour i s  ex h ib ite d  in  p lan e  ( a ) ,  
f i g . 5*8 in  which th e  Fpp and F ^  curves a re  90° out o f  phase , w ith  one 
system  having Fp^ equal to  zero f o r  a l l  v a lu es  o f  0 . No system  has 
Fpp zero  fo r  a l l  v a lu es  i n  (b) -  (d ) .  I n  (d) a l l  system s re a ch
approx im ately  maximum Fpp v a lu e s .
5 .4 .4  R e la tiv e  Schmid F a c to rs  fo r  Prism  S l ip  in  P a ren t and Twin 
5 . 4«4»1 R a tio  o f Maximum Schmid F a c to rs  '
F ig .5 .9  shows th e  v a r ia t io n  in  th e  r a t i o  o f th e  maximum 
Schmid f a c to r s  in  p a ren t and tw in . For p o s i t iv e  F^ v a lu es  th e  r a t i o  i s  
always g re a te r  th a n  u n ity , i . e .  s l i p  i s  favoured  i n  th e  tw inned m a tr ix .
T h is  i s ^ e s p e c ia l ly  so near th e  [0001]^ a x is .  However f o r  n e g a tiv e  F^ 
v a lu es  th e  r a t i o  becomes le s s  th an  u n i ty ,  fo r  a l l  p lanes o th e r  th an  (d ) .
5 .4*4*2 R a tio  o f Schmid F ac to rs  f o r  ’Type ( 1 ) D is lo c a tio n s  
in  P a re n t and Twin 
The v a r ia t io n  i n  th e  r a t i o ,  Fp^/Fp^, fo r  type (1) d is lo c a t io n s ,  
i s  shown in  f i g . 5 . 10. For t h i s  s l i p  system  th e  r a t i o s  f o r  p lan e  (a )  and 
(a) a re  zero and i n f i n i t y  r e s p e c t iv e ly  fo r  a l l  v a lu es  o f 0 . '
The optimum r a t i o  fo r  s l i p  to  p e n e tra te  th e  tw in  in te r f a c e ,  i . e .  
u n i ty ,  occurs only  fo r  (b) and (c) p lanes and f o r  v a lu es  o f 0 eq u a l to  
th a t  found fo r  b a s a l  s l i p ,  i . e .  when F^ = 0 . For p o s i t iv e  F^ v a lu e s , th e  
r a t i o  ten d s  to  be much g re a te r  th a n  1 .0  (e s p e c ia l ly  near [0001]^)*  For 
n e g a tiv e  F^ v a lu es  th e  r a t io  in d ic a te s  g re a te r  s l i p  in  th e  p a re n t m a tr ix .
5*5 * D iscussion
I t  has o f te n  been s ta t e d  th a t  tw inning can in c re a se  d u c t i l i t y  in  
h .c .p .  s t r u c tu r e s  by r e o r ie n t in g  th e  p a ren t c r y s ta l  in to  p o s i t io n s  more 
fav o u rab le  f o r  s l i p " ^ ’ However t h i s  g e n e r a l is a t io n  can be m is­
le a d in g , s in c e  o f te n  when tw inning  i s  favoured  subsequent s l i p  in  th e  
tw inned c r y s ta l  i s  no t favoured  in  com parison to  s l i p  in  th e  o r ig in a l  
untv/inned c r y s t a l .  In  th e  fo llo w in g  d is c u s s io n  {1012 ] tw inn ing  i s  
considered  and a com parison made betw een s l i p  on b a s a l  and prism  system s 
in  <1120> d i r e c t io n s .  •
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The ratio
maximum Schmid f a c to r  f o r  s l i p  in  tw in  
maximum Schmid f a c to r  f o r  s l i p  in  m a trix
h as heen c a lc u la te d  f o r  a l l  tw ins and fo r  th e  a p p ro p ria te  axes in  th e
s tan d a rd  t r i a n g le .  R esu lts  o b ta in ed  w ith  magnesium s in g le  c r y s ta l s
suggest th e  r a t i o  must exceed —1.3  b e fo re  s l i p  predom inates in  tw inned 
335c r y s ta l  . This corresponds to  a d if fe re n c e  in  Schmid f a c to r  o f not 
l e s s  th a n  0 .1 .  In  Table 5»3 d if fe re n c e s  le s s  th a n  and g re a te r  th a n  
approx im ately  0.1 a re  d is tin g u is h e d  by sm all (m, t )  and c a p i ta l  (iff, T) 
l e t t e r s  r e s p e c t iv e ly .
Two p r a c t ic a l  s i tu a t io n s  w i l l  be d iscu ssed  s e p a ra te ly .  The f i r s t  
in v o lv es  th e  e f f e c t  o f ap p lied  s t r e s s e s  on p re -e x is t in g  tw ins in tro d u ced  
in to  a p o ly c ry s ta l l in e  ag g reg a te  d u rin g  p ro c e ss in g . 'The second case 
co n sid e rs  th e  e f f e c t  o f  a p p lie d  s t r e s s e s  on i n i t i a l l y  tv /in - fre e  c r y s t a l .
5 .5 .1  R e la t iv e  S lip  in  P r e - e x is t in g  Twins
When a l l  tw ins a re  p re s e n t ,  each tw in  m a tr ix  w i l l  respond accord ing  
to  th e  'Schmid f a c to r  curves in d ic a te d  in  Table 5*1* The r e la t iv e  s l i p  
in  tw inned and p a re n t c r y s ta l  i s  summarised in  Table 5*3* ,
For p re -e x is t in g  tw in s , th e  r e l a t iv e  s l i p  in ' tw in  and p a re n t m a trix  
i s  independent o f  th e  sense o f th e  s t r e s s ,  bu t th e  s ig n  o f F^ i s  im p o rtan t, 
e .g .  In  th e  F^ p o s i t iv e  reg io n s  a l l  p r e - e x is t in g  tw in  system s fav o u r prism  
s l i p  under b o th  t e n s i l e  and com pressive s t r e s s e s .  In  F^ n eg a tiv e  reg io n s  
a l l  tw in system s favour prism  s l i p  in  th e  m a tr ix . "
From th e  Schmid f a c to r  curves i t  i s  p o s s ib le  to  determ ine th e  e f f e c t  
o f th e  p resence  o f  tw ins on th e  a b i l i t y  to  s l i p .  A measure o f  th e  a b i l i t y  
to  s l i p  was e s tim ated  from th e  d if fe re n c e  in  maximum Schmid f a c to r s  in  
tw in  and p a re n t. S l ip  in  one m a trix  was assumed to  predom inate when i t s  
Schmid f a c to r  exceeded th a t  i n  th e  o th e r  by more th an  0 .1 .
This d a ta  i s  summarised in  Table 5*4 fo r  th e  case  o f p r e - e x is t in g  
tw in s , assuming a l l  tw ins are ' e q u a lly  re p re se n te d . The ta b le  shows 
c le a r ly  th a t  in  th e  b a sa l s l i p  case , f o r  th e  m a jo r ity  o f o r ie n ta t io n s  
co n sid e red , th e  p resence  o f tw ins has l i t t l e  e f f e c t  on the  a b i l i t y  to  s l i p ,  
b u t when they  do have an e f f e c t ,  i t  i s  more l i k e ly  to  d ecrease  th e  a b i l i t y  
to  s l i p .  ' •
In  th e  prism  s l i p  case however, (Table 5-4) > tw ins g r e a t ly  enhance 
th e  a b i l i t y  to  s l i p  in  th e  m a jo rity  o f o r ie n ta t io n s  .considered .
■ -  1 3 4  -  '
Table 5 .3
’RELATIVE SLIP IN '[10121 TWINS AED IN PARENT '
Twin system s
Predom inant 
s l i p  system
Sense o f s t r e s s  
re q u ire d  fo r  
tw in  grow th
S tre s s  ax is  
p lan e  in  
s tan d a rd  
t r i a n g le
1 2 3 4 5 6
B asal T e n s ile  
(F^ p o s i t iv e ) 1210 t* m /t M m M m /t
1100 t t M M M M
Compression 
(F^ n e g a tiv e )
' t
1210
1100
m
t /T
T
t /T
T
does not 
occur 
(M p re ­
e x is t in g )
t
t /T
T
t /T
T
does not 
occur 
(M p re ­
e x is t in g )
Prism T e n s ile  
(F^ p o s i t iv e ) 1210 T T T T T T
11*00 T T T T T T
Compression 
(Ft  n e g a tiv e ) 1210 M m m M m . m
• 1T00 M M does no t , 
occur 
M (p re­
e x is t in g )
M . M does not 
occur 
M (p re ­
e x is t in g )
*m (t) in d ic a te s  Fg^ (F;grp) curve i s  g re a te r  th an  Fg^ 
- 0 .1  i n  th e  Schmid f a c to r .
M(T) in d ic a te s  F ^  (FBrp) curve i s  g r e a te r  th a n  Fg^ 
^ O .l  i n  th e  Schmid f a c to r .
(FM ) hy le s s  th an  
(Fg^) hy more th an
TABLE 5.4
THE EFFECT OF PRE-EXISTING- TV/IBS OB THE, ABILITY TO SLIP, ASSUMING 
ALL TWIN SYSTEMS OF A PARTICULAR FOBM ARE EQUABLY REPRESENTED
•
Twin
System
S lip
System
^  S tre ss  Axes
A b ility  to  s l ip  
increased  
by twinning 
1
A b ility  to  s l ip  
decreased 
by twinning 
2
A b ility  to  s l ip  
unaffec ted  
by tw inning 
3
[1121]
Basal 40^ 25$ 35$
Prism 38$ 15$ 47$
{10T2 J ‘
Basal 16 25 59
Prism 57 19 . 24
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5»5«2 R e la tiv e  S lip  in  Growing Twins.
The e f f e c t  o f o r ie n ta t io n  on tw in  system s favoured under t e n s i l e  
ahd com pressive s t r e s s e s  i s  shown in  fig*  5*3. :
For' th e  t e n s i l e  case , th e re  i s  a la rg e  reg io n  in  which on ly  two 
tw in s  a re  favoured <c i > h u t t h e i r  Schmid f a c to r s  a re  < 0 .2 5  f o r  s t r e s s  
axes in  th e  [1T00] zone. Twins 3 and 6 a re  most favoured -when. 0 i s  
- g r e a te r  th an  boundary 1. Table 5*3 in d ic a te s  t h a t  prism  s l i p  i s  g r e a t ly  
enhanced by a l l  tw in  system s. When no tw ins a re  favoured , p rism  s l i p  in  
th e  p a re n t m a trix  i s  expected to  be easy . Under t e n s i l e  s t r e s s e s  tw inning 
i s  now expected to  enhance b a sa l s l i p  and fo r  axes near C 0001 3 th e  s t r a in  
• must be produced la rg e ly  by the  tw inning  sh e a r . N e ith e r tw inn ing  nor 
m a trix  s l i p  can c o n tr ib u te  s ig n i f i c a n t ly  to  tiie  s t r a i n  normal to  [0 0 0 1 ]^ , 
f o r  m a te r ia ls  s l ip p in g  on b a sa l  p la n e s . .
The s e p a ra tio n  o f  th e  Schmid f a c to r  curves fo r  tw inning  i s  g re a te r  
when F,-, i s  n e g a tiv e  (f ig .5 » 4 )«  Thus in  o rd e r o f  in c re a s in g  n e g a tiv e  F ,^ 
v a lu es  s c « b  < a . I n  com pression tw ins 1 and 4  w i l l  predom inate fo r  
s t r e s s  axes i n  [1210] zones, w h ils t  tw ins 1, 2 , 4  and 5 w i l l  predom inate 
fo r  axes in  th e  [1100] zone.
Under com pressive s t r e s s e s  tw ins f a c i l i t a t e  b a sa l s l i p  o n ly  fo r  
about h a l f  th e  s t r e s s  axes co n sid e red , w h ils t  no 1 tw ins f a c i l i t a t e  prism  
s l i p ,  (Table 5*3)- For axes n e a r ly  normal to  [0 0 0 1 ]^  when a l l  tw in s  a re  
favoured  (D, f i g . 5*3) prism  s l i p  i n  th e  p a ren t m a trix  i s  a lso  h ig h ly  ■ 
fav o u red . But b a s a l  s l i p  i s  no t favoured and i f  th e  1 and 4 tv /in  system s 
predom inate tw inn ing  i s  not l i k e ly  to  enhance b a s a l  s l i p ;  however th e  
o p p o s ite  i s  t r u e  i f  tw ins 2 and 5 occu r, (f ig .5 » 3 )»  For axes n ea r [OOOl]^ 
•under com pressive s t r e s s e s  n e i th e r  tw inning nor’ s l i p  can c o n tr ib u te  
s ig n i f i c a n t ly  to  th e  s t r a i n  i n  m a te r ia ls  s l ip p in g  on e i th e r  prism  o r  b a sa l 
system s, remembering th a t  i n i t i a l l y  tw in  f r e e  m a te r ia l  i s  co n s id e re d .
I t  i s  c lear* from  f ig s .5 « 6 and 5*9 th a t  extrem es o f s l i p  i n  tw inned 
c r y s ta l  may occur f o r  c e r ta in  v a lu es  o f  O’ * When a tw in  n u c le a te s  under 
th e se  co n d itio n s  a- s l i p  avalanche could be i n i t i a t e d  w ith in  th e  tw ih .
The co n d itio n s  n ecessa ry  f o r  th i s  to  occur a re  l i s t e d  in  Table 5 . 5 . Under 
t e n s i l e  s t r e s s e s ,  prism  s l i p  produces id e a l  c o n d itio n s , s in c e  la rg e  v a lu es  
o f  Schmid f a c to r  e x i s t  b o th  f o r  tw inning  and f o r  p rism  s l i p  in .tw in n e d  
c r y s t a l .  S u ita b le  c o n d itio n s  a r i s e  only f o r  basal; s l i p  in  com pression.
The favoured  tw in  system s ( 1 , 4 ) on ly  have sm all Schmid f a c to r s  f o r  b a sa l
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TABLE 5.5
CONDITIONS FOR SLIP AVALANCHE IN TWINS
Twin
Systen
Sense of 
S tre s s
S lip
System
O rien ta tio n  
o f S tre s s  
Axis
Operative
Twin
System
Schmid fa c to rs  
fo r  twinning
Schmid fa c to rs  
in  tw in and 
paren t
PT f pt//^ m
I10T21 Tension B asal)
Prism)
p a r a l le l  to  
c -ax is
A ll twins 0 .5 0 .06 /0 0 . 4 /0
Compres­
s io n
B asal normal to  
c -ax is
A ll twins
■ v ?
0 . 5 ( 1 , 4 ) , 
" 0.1  (2 ,3 ,5 ,6 )  
0 .3 8 (1 ,2 ,4 ,5 )
0 .0 6 /0
0 .4 3 /0
0 .4 3 /0
£1121]
•
Tension B asal)
Prism )
p a r a l le l  to  
c -ax is
A ll twins 0.28 . .4 7 /0 . 15 /0
Compres­
s io n
Basal normal to  
c-ax is
A ll twins .2 8 (1 ,4 ) ' 
.2 1 (1 ,3 ,4 ,6 )
.2 3 -0 .4 7 /0
0 .3 5 /0
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s l i p  in  th e  tv /in  m a trix , hu t tw ins 1, 2, 4 and 5 a re  n e a rly  id e a l ly  s u ite d  
when s t r e s s  axes l i e  in  [1100] zone.
5-5-3  Twin Boundaries as O b stac les  to  S lip
Only ty p e  d )  d is lo c a tio n s  can g l id e  th rough  tw in  in te r f a c e s  and 
ie av e  no d e fe c t in  th e  in te r f a c e .  The appearance o f s l i p  t r a c e s  produced 
hy such d is lo c a t io n s  i s  shown sch e m a tic a lly  i n ' f i g . 5 .1 1 . P ig s  5 .7  and 
5*10 g iv e  th e  o r ie n ta t io n s  o f s t r e s s  axes fo r  which th e se  d is lo c a t io n s  
should  pass th ro u g h  th e  tw in  in te r f a c e .  This w i l l  occur most r e a d i ly  
f o r  v a lu es  of 0 corresponding  to  r a t i o s  near u n i ty .  Here th e  Schmid 
f a c to r  fo r  tv/inning i s  very  sm all and only p re -e x is t in g  tw ins a re  th en  
re le v a n t .
Por b o th  b a s a l  and prism  s l i p  a s u i ta b le  com bination o f  Schmid 
f a c to r s  in  tw in  and m a trix  only  occurs fo r  axes ly in g  in  00 and (c )  
p lan es  and fo r  v a lu es  o f 0 near +J?0° and +60° r e s p e c t iv e ly .  C le a r ly  f o r ' 
o th e r  o r ie n ta t io n s  th e  Schmid f a c to r s  in  one m a trix  w i l l  be much l a s s  th an  
th a t  in**the o th e r and th e  tw in  boundary w i l l  become e f f e c t iv e ly  a b a r r i e r  
to  s l i p  even f o r  ty p e  (1 ) d is lo c a t io n s .  A good example o f t h i s  o ccu rs  
f o r  prism  s l i p  and p lane  (d) when th e  g l i s s i l e  s l i p  system  in  th e  m a trix  
has zero Schmid f a c to r  whereas t h a t  in  th e  tw in  approaches 0*5 a t  0 « ±45°• 
In d iv id u a l ty p e  (2) d is lo c a tio n s  cannot g l id e  r e a d i ly  th ro u g h  [1012 }
tw in  in te r f a c e s  s in c e  they  become s e s s i l e  d is lo c a tio n s  a f t e r  tra n s fo rm a tio n .
162 .This was confirm ed ex p erim en ta lly  by P r ic e  u s in g  z inc  p l a t e l e t s ;  moving
[1012} tw in  in te r f a c e s  sweep ty p e  (2 ) d is lo c a t io n s  ahead o f th e  in te r f a c e .
The p ro g re s s iv e ly  in c re a s in g  s t r e s s  re q u ire d  fo r  continuous tw in  boudary
d isp lacem ent in  z in c ^ ^  has a ls o  been a t t r ib u te d  to  th e  accum ulation  o f
d is lo c a t io n s  swept up by th e  boundary. Twins a lso  prevent- g e o m e tric a l
so f te n in g  in  magnesium by a c tin g  as b a r r ie r s  to  s l i p  .
I t  i s  th e re fo re  concluded th a t  when tw ins a re  n u c lea te d , th e  tw in
1in te r f a c e  i s  e f f e c t iv e ly  a b a r r i e r  to  s l i p  o f  y< 1120> type d is lo c a t io n s
on a l l  b a sa l and p rism  s l i p  system s and tw in  in te r f a c e s  w il l  th e n  behave
l ik e  g ra in  b o u n d a rie s . W hilst ex ten s iv e  tw inn ing  may a llo w  in c re a se d  s l i p ,
th e  g ra in  s iz e  i s  e f f e c t iv e ly  reduced by tw inn ing , which may th e re b y
in c re a s e  th e  work harden ing  r a te  and d u c t i l i t y .  There i s  some ev idence
fo r  t h i s  in  z i n c ^ ^ ,  t i t a n i u m ^ ’ magnesium22^ and z irc o n iu m * ^ . The
142 186la rg e  tw inned volume f r a c t io n  p o s s ib le  i n  h .c .p .  m eta ls  9 i s  l i k e l y  
to  enhance t h i s  e f f e c t  o f tv /inn ing .
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s l i p  t r a c e s
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s l i p  t r a c e s
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M a t r i x
.5 .11 Schematic diagram of slip traces produced by type (l) 
dislocations gliding in basal or prism planes through a |jO!2^ 
Section parallel to plane of shear of twin
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5*6 Summary
1. P r e - e x is t in g  tw ins g r e a t ly  enhance th e  a b i l i t y  to  s l i p  on prism  
p lan es  (57$ a t  th e  s t r e s s  axes) and s l i p  i s  u n a ffe c te d  o r decreased  fo r  
24$ and 19$ o f th e  s t r e s s  axes re sp e c tiv e ly *
B asal s l i p  i s  not a f fe c te d  by p re -e x is t in g  tw ins fo r  th e  m a jo rity  
o f  s t r e s s  axes (59$) "but when tw ins do have an .e f fe c t  i t  i s  more l i k e ly  
to  decrease  (25$ o f  th e  s t r e s s  a x es) th an  to  in c re a s e  (16$ o f th e  s t r e s s  
axes) the  a b i l i t y  to  s lip *
2 . A ll tv/ins n u c lea ted  under t e n s i l e  s t r e s s e s  in c re a se  th e  a b i l i t y  to  
s l i p  on prism  p la n e s , b u t th e se  tw ins have l i t t l e  e f f e c t  on th e  ease o f 
b a sa l s l i p .  When tw ins a re  n u c lea ted  under com pressive s t r e s s e s ,  no 
tw ins h e lp  prism  s l i p ,  bu t some tw ins enhance b a sa l s lip *
3*. Except f o r  sm all ranges o f o r ie n ta t io n ,  tw in  boundaries a re  expected
to  a c t as b a r r i e r s  to  s l i p  in  < 1 1 2 0 > d ir e c t io n s .  Twins can th e n  be 
considered  to  behave as in d iv id u a l  g ra in s  and by e f f e c t iv e ly  reduc ing  th e  
g ra in  s iz e ,  tw inn ing  can in c re a s e  th e  work harden ing  r a te  and th e  d u c t i l i t y
•s
.4* For some o r ie n ta tio n s  of s t r e s s  a x is , s l ip  avalanches can occur
w ith in  th e  m a trix  o f  a growing tw in . * ‘
5*7 S lip  P lanes fo r  Transformed D is lo ca tio n s
I t  has been shown th a t  when (1012 j type  tw ins a re  n u c lea te d , th e
1 _
a p p lie d  s t r e s s  i s  u n lik e ly  to  cause g l id e  o f -j-<1120> type  d is lo c a t io n s  
th rough  tw in  in te r f a c e s .  Under th e se  co n d itio n s  d is lo c a t io n  p i le -u p s  w i l l  
occur a t  tw in  in te r f a c e s  causing  h ig h  lo c a l  s t r e s s e s .  Twins w i l l  a ls o  be 
re q u ire d  to  grow th rough  th e  d is lo c a t io n  f o r e s t .  Consequently th e  
d is lo c a t io n / tw in  in te r f a c e  re a c tio n s  a re  expected to  p lay  an im p o rtan t 
r o le  in  th e  defo rm ation  o f h .c .p .  m e ta ls . •
The in c o rp o ra tio n  o f s l i p  d is lo c a t io n s  in to  m echanical tw ins has been 
d iscu ssed  fo r  tw inn ing  in  t i n ^ ^  and b . c . c .  m e ta ls * ^  and fo r  tw inn ing  in  
z in c ^ . In te r a c t io n s  between (101*2 j tw ins and j< 1 1 2 0  d i s l o c a t i o n s  
g l id in g  in  prism  and b a sa l p lan es  a re  now considered  and th e  p o s s ib le  
e f f e c t s  o f th e s e  in te r a c t io n s  in  tita n iu m  and o th e r  hexagonal m e ta ls  a re  
examined. * «
The tra n s fo rm a tio n  o f B urgers v e c to rs  i s  d esc rib ed  by eq u a tio n s  
5*2 -  5*4* I n  eq u a tio n  (5 .2 )  th e  v e c to r  i s  unchanged in  m agnitude and 
d i r e c t io n  bu t in  equs/tions (5 -3 ) and (5*4) 'both v e c to r  m agnitudes and 
d ir e c t io n s  a re  changed. I n  th e  subsequent d is c u s s io n  d is lo c a t io n s  w i l l
be d e sc rib ed  as type  ( l )  o r type  ( 2 ) accord ing  to  t b e i r  B urgers v e c to rs
a f t e r  tra n s fo rm a tio n .
A lthough ty p e  ( 1 ) d is lo c a t io n s  may g lid e  th ro u g h  tv/in  in te r f a c e s ,
f o r  th e  s t r e s s  axes considered  in  p a r a .5-2 s u i ta b le  shear s t r e s s e s  on ly’ ^
e x is t  in  a v e ry  sm all range o f o r ie n ta t io n  and tw in  in te r f a c e s  w i l l  
norm ally  a c t  as b a r r i e r s  to  th e  g l id e  o f th e se  d is lo c a t io n s .
The tra n s fo rm a tio n  p roduct i n  equations 5-3 and 5-4 i s  not a 
g l i s s i l e  d is lo c a t io n  and w i l l  be a s so c ia te d  w ith  s ta c k in g  f a u l t s  in  th e  
tw in ^ ^ a . However two p a ren t m a trix  d is lo c a tio n s  to g e th e r  can produce 
a g l i s s i l e  pyram idal d is lo c a t io n  accord ing  to  th e  r e a c t io n .
|[ 2 T 7 0 ] j j  -  J ,  [ 1 2 1 3 ] ^  + • 2TJt  ■ (5 .5 )
The zonal tw inn ing  d is lo c a t io n  in  (5*5)is expected to  r e s u l t  in  a
low er tw in in te r f a c e  energy th a n  th e  tw inning d is lo c a tio n s  produced in
(5 .3 ) and (5 . 4 47. The r e la t iv e  p o s it io n s  o f th e  v e c to rs  (5 .3 ) and(5»4) b e fo re
and a f t e r  tw in n in g , a re  shown in  f i g . 5*12.
The e f f e c ts  o f th e  tw in  in te r f a c e  on type  (2 ) d is lo c a tio n s  i s
dependent on th e  s l i p  p lanes in  th e  p a ren t m a trix . The b a sa l p lane  in
th e  p a ren t m a trix  and th e  .(1010)^ p lane  in  th e  tw in  ( f i g . 5*12) i n te r s e c t
th e  (1072) tv/in  boundary along [1210]. Thus ty p e  (2 ) d is lo c a tio n s  in. th e
1 -p a re n t b a sa l p la n e s , a f t e r  tra n s fo rm a tio n  to  y  <1123> type  B urgers v e c to r s ,  
can s l i p  in  (1070j in  th e  tw in . The sequence i s  shown sc h e m a tic a lly  in  
f i g . 5 . 13 . Hote th e  d is lo c a t io n  segm ents~ 'para lle l t o  th e  tw in  boundary 
a re  o f mixed o r ie n ta t io n .
• ’ Type (2 ) d is lo c a tio n s  g l id in g  in  prism  p lan es  i n  th e  p a re n t w i l l  
i n t e r s e c t  th e  tv/in  boundary along <4223> d ir e c t io n s  ( f i g . 5*12). These 
a re  a lso  th e  d ir e c t io n s  of in te r s e c t io n  o f  £ 1122 J ty p e  p lan es  in  th e  tw in  
m a trix  w ith  th e  tw in  boundary. Thus type  (2 ) d is lo c a t io n s  can c r o s s - s l ip  
from prism  p lan es  in  th e  p a ren t, to  (1122 } p lan es  in  th e  tw in , as shown 
sch e m a tic a lly  in  f i g *5-14-
In  bo th  examples- d esc rib ed  above, tw inning  d is lo c a t io n s  a re  produced 
where th e  g l i s s i l e  d is lo c a tio n s  pass th rough  th e  tw in  in te r f a c e  ( f i g s . 5*13 
and 5-74)
5 .8  Sbhmid F a c to rs  f o r  S lip  in  < 1123> D ire c tio n s  in  Twinned C ry s ta l 
5.8*1 J10T0 I <1213> S lip  Systems
When b a sa l  s l i p  u t i l i s i n g  ty p e  (2 ) d is lo c a t io n s  predom inates in  th e
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Fig. 5.12 Stereographic projection of poles and 3 < 1120> Burgers vectors In 
parent matrix and in (lO?2) twin (subscript T). S tress axis zones lettered a —d, 
dash indicating negative 9. Burgers vectors enclosed in [ ]. Pyramidal Burgers 
vectors produced by transformation are also indicated
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m e ta l, prism  s l i p  in  <1123> d ir e c t io n s  i s  most l ik e ly  to  o p e ra te  a f t e r  
tra n s fo rm a tio n  accord ing  to  eq u a tio n  (4) above. In  o rd e r to  co n sid e r 
th e  'subsequent behav iour o f th e se  g l i s s i l e  pyram idal d is lo c a t io n s ,  Schmid 
f a c to r s  fo r  th e se  system s a re  p re sen te d  in  f i g . 5 «15»
The Schmid f a c to r  curves fo r  b a sa l s l i p  in  th e .p a re n t  m a trix  have 
been compared w ith  th e  a p p ro p ria te  curves in  fig .5*15*  For a l l  s t r e s s  
a x is  p la n e s , . ty p e  (2 ) d is lo c a tio n s  have s im ila r  Schmid f a c to r s  b e fo re  and 
a f t e r  tra n s fo rm a tio n  f o r  a l l  ‘v a lu es  o f  0 .
S ince ty p e  ( 2 ) B urgers v e c to rs  a re  eq u a lly  favoured  in  p a re n t and
* A _
tw in  m a trices  f o r  s t r e s s  axes i n  (a )  type  p la n e s , th e  y  <1123 > type .
d is lo c a tio n s  a re  l i k e ly  to  o p e ra te  in  b o th  p a ren t and tw in  m a tr ic e s .
S im ila r ly  fo r  (b) ty p e  p la n e s ,^ a  type ( 2 ) B urgers v e c to r  has the
maximum Schmid f a c to r  in  th e  p a re n t .  I t  i s  g re a te r  th an  th e  Schmid 
1 -f a c to r s  fo r  any y  <1120 >B urgers v e c to r  in  th e  tw in  when i s  p o s i t iv e .
S ince Schmid f a c to r s  fo r  type  (2 ) a re  la rg e  in  th e  tw in  fo r  b o th
th e y  could produce ~ .< 1123> d is lo c a t io n s  in  th e  p a re n t m a trix .
' In  (c) type  p la n e s , a ty p e  (1) Burgers v e c to r  has a maximum Schmid
fa c to r  in  a p a re n t ,  b u t when F^ i s  p o s i t iv e ,  i t s  Schmid f a c to r  in  th e
tw in  i s  much l e s s .  However th e  o th e r  o p e ra tiv e  p a ren t B urgers v e c to r  i s
1 —o f  type (2)1 i t s  Schmid f a c to r  in  th e  tw in  i s - g r e a t e r  th a n  any <1120>
1 -ty p e  Burgers v e c to r  when F^ i s  p o s i t iv e .  When F ,^ i s  n e g a tiv e , y  <1123 > 
B urgers v e c to rs  may a r i s e  in  p a re n t m a trix , ,
In  (d) ty p e  planes,* a ty p e  ( 1 ) B urgers v e c to r  has a la rg e  Schmid 
f a c to r  in  th e  p a re n t ,  bu t a l l  < 1120>B urgers v e c to rs  in  th e  tw in  have 
v a lu es  < 0 .1 .  Values fo r  type  (2 ) d is lo c a tio n s  l i e  between 0.1 and 0 .2  
i n  p a re n t, b u t a f t e r  tra n s fo rm a tio n  l i e  between 0.1 and 0 .3 , much g re a te r  
th a n  any <1120 > in  th e  tv /in .
5 .8 .2  11212} <1213> S lip  Systems
When prism  s l i p  predom inates in  the  m etal type  (2 ) d is lo c a t io n s  can 
g iv e  r i s e  to  ~<1123>  d is lo c a tio n s  g l id in g  in  {1122} tw in  p la n e s . Curves 
f o r  th e  system  having  th e  maximum Schmid f a c to r  a re  shown in  f ig o 5 * |6 .
The Schmid f a c to r  f o r  prism  s l i p  (p a ra .5*4*3) has been compared w ith  th e  
a p p ro p ria te  curve in  f i g . 5*16*
For a l l  s t r e s s  a x is  p lan es  th e  Schmid f a c to r  fo r  type  (2 ) d is lo c a ­
t io n s  b e fo re  and a f t e r  tra n s fo rm a tio n  i s  approx im ate ly  equal in  b o th  p a re n t 
and tw in  fo r  a l l  v a lu e s  o f $ •
In  th e  (a ) ty p e  p la n e , ’ type ( i )  d is lo c a t io n s  have zero  Schmid f a c to r s
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in. th e  p a re n t m a trix  and on ly  type  (2) d is lo c a t io n s  o p e ra te . In  th e
1 -tw in , when F^, i s  p o s i t iv e  - j <1120> s l i p  predom inates hu t f o r  n eg a tiv e
*T 3* <1120> i s  10SS favoured , w hile  <1123 > s l i p  r e s u l t in g  from
tra n s fo rm a tio n  i s  h ig h ly  favoured* S im ila r ly  fo r  th e  type  (b) p la n e .
In  th e  (c ) p la n e , Schmid f a c to r s  f o r  ty p e  (2 ) <1.120 >d is lo c a t io n s
i n  th e  tw in  a re  s im ila r  to  th o se  f o r  <1123> when F^ i s  n e g a tiv e . Thus
• <1123> s l i p  may a lso  o p e ra te  i n  th e  p a ren t hy tra n s fo rm a tio n  o f ty p e  (2)
d is lo c a tio n s  a c t iv e  in  th e  tw in . Only type  (2) d is lo c a tio n s  a re  a c t iv e
in  th e  (d) p la n e . A lthough th e  -r* <1120> d is lo c a t io n s  i n  th e  tw in  have
1 —g r e a te r  Schmid f a c to r s  th a n  th e  *=■* <1123 > ,  v a lu es  f o r  th e  l a t t e r  a re  q u ite
1 • —s i g n i f i c a n t . '  A gain where F^ i s  n e g a tiv e , / j  <1123 > a re  l ik e ly  to  he
produced in  th e  p a re n t m a tr ix . ' '
5*8.3* P rism  to  Pyram idal S l ip  in  <1123> D ire c tio n s
For s l i p  i n  <1123>d irec tio n sm  th e  Schmid f a c to r  curves r e p e a t  about
every  90° and 180° fo r  s l i p  i n  [11*00] and [11*22] p lanes r e s p e c t iv e ly
(fig s.ff*15  and 5*1.6)* I f  a Schmid f a c to r  g r e a te r  th a n  0 .2  i s  co n sidered
n ecessa ry  fo r  s l i p ,  th e n  [ 11*00 ] and [T122] s l i p  may occur, to g e th e r  fo r
v a lu es  o f 0 between ahout 40° and 70°* Thus c r o s s - s l ip  from [1100] to
[1*122] i s  p o s s ib le  w ith in  t h i s  o r ie n ta t io n  ran g e . However i f  a h ig h e r
Schmid f a c to r  i s  re q u ire d  fo r  s l i p  on th e se  sy stem s, th e  fav o u ra b le
o r ie n ta t io n  range f o r  c r o s s - s l ip  i s  reduced.
*
5*9 S lip  T races in  P aren t and Twin M atrices *
Experim ental evidence f o r  th e  o p e ra tio n  o f s l i p  systems i n  h u lk  
m a te r ia l  i s  norm ally  ob ta ined  from s l i p  t r a c e  a n a ly s is ,  F ig .5 .11 shows
th e  tr a c e s  produced hy type  ( 1) d is lo c a tio n s  a f t e r  p e n e tra tin g  a (1012) 
tw in . P a r a l l e l  t r a c e s  a re  produced by type  (2 ) d is lo c a t io n s  n u c lea te d  in  
each m a tr ix . ’ •
T races produced when type (2 ) d is lo c a tio n s  p e n e tra te  th e  tw in  i n t e r ­
fa c e  a re  shown in  f ig .5 .1 7 *  When b a sa l s l i p  p redom inates, p r i s m 's l ip  in  
<1123> d ire c t io n s  would be a p p a re n t, b u t [1122 ] t r a c e s  cannot be 
d is tin g u ish e d  from b a sa l s l i p  in  th e  tw in . When prism  s l i p  predom inates 
[1122 ] <TT2 3 > t r a c e s  i n  th e  tw in  may be id e n t i f i e d  i f  b a sa l s l i p  can be 
assumed to  be a b se n t. However i t  i s  apparen t th a t  th e  unambiguous 
id e n t i f i c a t io n  o f th e  [1122] <Tl2 3 > s l i p  system  from s l i p  t r a c e s  in  th e  
p lan e  of sh ea r i s  no t easy . <
• Type ( t )  d is lo c a t io n s  produce no v i s ib le  s l i p  t r a c e s  when th e  p a re n t
'(OOOQm
yo7o]M
(oooi),
(72 To)
MATRIX
(7276)
MATRIX
-F ig .5 .17  Schem atic diagram o f s l i p  t r a c e s  in  tw in  and p a re n t 
m atriceso- S e c tio n  p a r a l l e l  to  th e  p lan e  of s h e a r .
(a ) Produced h y  type (2) d is lo c a tio n s  g l id in g  in  
h a sa l planeso 
0>) Produced hy type (2) d is lo c a t io n s  g l id in g  in  
prism  p la n e s . * -
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c r y s ta l  su rfa c e  i s  p a r a l l e l  to  (0001) ( f ig .5 .1 8 a ) .  The (7010)[1213] 
i s  not d is t in g u is h a b le  from (7010)[1210 ] ( f ig .5 .1 8 b ) .  However th e re  
i s  no easy s l i p  system  p a r a l l e l  to  (7212)[ 1.213] ^  i n  th e  tw in , which may 
now be id e n t i f i e d  unambiguously ( f ig .5 * l8 b ,c ) .
5.1.0 Summary
D is lo c a tio n s  in  h .c .p *  m eta ls  e .g .  magnesium, t i ta n iu m , zirconium
and b e ry lliu m , tend  to  be confined  to  a s in g le  prism  o r b a sa l s l i p  p lane
and p ile -u p s  a g a in s t  tw in  boundaries  w i l l  cause la rg e  s t r e s s  c o n c e n tra tio n s .
These s t r e s s e s  may ev en tu a lly  be re l ie v e d  by c r o s s - s l ip  in  th e  p a re n t m a trix
o r by th e  p ile -u p  d is lo c a tio n s  p e n e tra tin g  th e  tw in  boundary.
In d iv id u a l ty p e  (a ) d is lo c a t io n s  a re  u n l ik e ly  to  r e l ie v e  th e  s t r e s s
by p e n e tra tin g  th e  tw in  boundary s in c e  they  become immobile d is lo c a t io n s
a s so c ia te d  w ith  s ta c k in g  f a u l t s ’ i n  th e  tw in  m a tr ix . However two p ile -u p
1 _
d is lo c a tio n s  may p e n e tra te  th e  tw in  boundary to g e th e r  and n u c le a te  y < 1 1 2 3 >  
ty p e  d is lo c a t io n s ;  subsequent g l id e  o f th e se  d is lo c a t io n s  would r e l ie v e  
th e  s t r e s s e s  a t  th e  head o f  th e  p i le -u p .
P a ir in g  o f  d is lo c a tio n s  p r io r  to  g l id e  i n  th e  tw in  m a trix  seems most 
l i k e ly  when g l i s s i l e  d is lo c a tio n s  impinge on a s ta t io n a r y  tw in  in te r f a c e ,  
whereas th e  immobile d is lo c a tio n s  a re  more l i k e ly  when a moving tv /in  i n t e r -"}/Q ■
fa c e  sweeps th rough  th e  d is lo c a t io n  fo r e s t  .
The r a t i o  o f th e  Schmid f a c to r  b e fo re  and a f t e r  tra n s fo rm a tio n  i s  
about u n i ty  fo r  a l l  v a lu es  o f 0 , a r e s u l t  u n a tta in a b le  w ith  ty p e  ( 1 ) 
d is lo c a t io n s .  Thus th e  Schmid f a c to r  curves show c le a r ly  t h a t  th e  sh ea r 
s t r e s s e s  favour th e  subsequent g l id e  o f  <c + a > d is lo c a t io n s .  F u r th e r­
more th e  m agnitude o f  th e  Schmid f a c to r  fo r  th e  < c .+ a>  d is lo c a t io n s  i s
1 —o f te n  g re a te r  th a n  fo r  any y  < 1120 >T  d is lo c a t io n .
I t  i s  concluded th a t  [1012] type  tw ins may n u c lea te  < c .+ a>  d is lo c a ­
t io n s ,  i n  e i th e r  th e  p a re n t o r tw in  m atrix* w hich may th en  g l id e  away under 
h ig h  sh ea r s t r e s s e s .  T his im p lie s  th a t  th e  tw in  in te r f a c e s  may cease  to  
be b a r r ie r s  to  s l i p  o f ty p e  (2 ) d is lo c a tio n s  a t  h ig h  s t r e s s e s .
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Fig.5.18 S c h e m a t i c  d i a g r a m  of  s l i p  t r a c e s  in twin a n d  p a r e n t  m a t r ix .  
S e c t i o n  p a r a l l e l  t o  b a s a l  p l a n e
(a) P r o d u c e d  by type  CO d i s l o c a t i o n s  g l id ing  o n  b a s a l  o r  p r i sm  p l a n e s
(b) P r o d u c e d  by t y p e ( 2 ) d i s l o c a t i o n s  glid ing o n  b a s a l  p l a n e s
(c) P ro d u ce d  by l y p e ( 2 ) d i s l o c a l i o n s  g l id in g  o n  p r ism  p l a n e s
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CHAPTER 6
The Role o f {1121 j Twinning in. th e  D eform ation o f  H .C .P. M etals
6.1 Resolved. Shear S tre s s  F a c to rs  f o r  S lip  and Twinning
The most f r e q u e n tly  observed tv /in  system s in  tita n iu m  a re  {10T2 }
— 3^ —and {1121.} .. The ro le  o f {1012} tw inning  in  tita n iu m  was con sid ered
in  Chapter I t  was concluded th a t  a t  low s t r e s s e s  {101*2} tw ins in c re a se
th e  a b i l i t y  to  s l i p  on prism  p lan es  b u t have much less  e f f e c t  when b a sa l
s l i p  p redom inates. Twin in te r f a c e s  a re  expected to  a c t  a s lb a r r i e r s  to
s l i p  a t  low s t r e s s e s .  At h ig h e r  s t r e s s e s ,  d is lo c a t io n  in te r a c t io n s  a t
tw in  boundaries can le ad  to < c + a > ty p e  s l i p  and could th e reb y  enhance th e
d u c t i l i t y .  T his e f f e c t  i s  expected  to  be g r e a te r  when prism  s l i pt, 1
predom inates.
The tw inn ing  sh ea r f o r  {1121} tw ins i s  l a r g e ^ ^ , ^ ^ , ':^ ^ .  I t  i s
d i f f i c u l t  to  p re d ic t  th e  a c t iv e  tw in  system  in  b o th  s in g le  c r y s ta l  and
p o ly c ry s ta l l in e  m a te r ia ls ,  a s i t u a t io n  which a ls o  p re v a ils  in  {101*2}
tw in n in g . Only {1121} tw ins were found in  rhenium  s in g le  c r y s t a l s ' ^ ,
a lth o u g h  th e  re so lv e d  sh ea r s t r e s s e s  were g re a te r  on {10T2 } tv /in  system s.
349T his d i f f e r s  from th e  r e s u l t s  o b ta in ed  w ith  ti ta n iu m  , in  w hich  only
{101*2} tw ins were d e tec te d  when {1121} tw in  system s experienced  s im i la r
re so lv ed  sh ea r s t r e s s e s .  I t  i s  p robab le  th a t  th e  d if fe re n c e  a r i s e s
because b a sa l s l i p  predom inates in  rhenium w h ils t  prism  s l i p  predom inates
in  tita n iu m  and th e  n u c le a tio n  o f tw ins i s  dependent on s u i ta b le  d is lo c a t io n
in te r a c t io n s .  T h is  ex p lan a tio n  i s  supported  by th e  work o f R eed -H ill
e t  a l ^ ' ^ " ^ ,  who found {1121} tw in s  were not n u c lea ted  i n  z ircon ium  a t
low s t r a i n  r a te s  a t  room tem p era tu re . However .{1121}, tw ins nu c lo ato d  a t
low tem pera tu res grew s ig n i f ic a n t ly  during  subsequent rocm temperature de fo rm atio n .
Another anomaly f re q u e n tly  encountered i s  the ' occurrence o f  { 1121 }
158tw ins which appear to  oppose th e  a p p lie d  s t r e s s  J • This i s  undoub ted ly  
a s so c ia te d  w ith  th e  complex accommodation s t r e s s e s  around tw in s .
I t  has been shown by Reed—H il l  e t  a l l ^ ^ * ^ ^  th a t  {1121 } tw inn ing  
i s  a s ig n i f ic a n t  deform ation  mode in  zirconium  a t  low tem p era tu res  and
i s  re sp o n s ib le  f o r  in c reased  d u c t i l i t y .  The d u c t i l i t y  o f t i ta n iu m  a t
. ‘ ^   ^ a. x 8 5 .1 8 6 ,193a,202ccryogenic  tem p era tu res  has s im ila r ly  been a t t r ib u te d  to  tw in n in g 7
I t  i s  th e re fo re  proposed in  t h i s  Chapter to  consider th e  e f f e c t  o f
{1121} tw inning  on th e  a b i l i t y  to  s l i p  on prism  and b a sa l p la n e s . The
tephn ique developed fo r  th e  a n a ly s is  o f  {1012 } tw inning  w i l l  be u s e d .
-  1 5 2  -
Each s t r e s s  a x is  p lan e  i s  l e t t e r e d  A to  D, a n eg a tiv e  s ig n  (-A e t c . )  
in d ic a t in g  reg io n s  in  which 0 i s  n e g a tiv e .
The stereog ram  i n  f ig .6 .1  shows a l l  s ix  tw in  p o les  and th e
tw in  boundary f o r  th e  (11S1) tw in . S tre s s  a x is  p lan es  a re  l e t t e r e d  w ith  
r e s p e c t  to  (1121) tw in . By c o n su ltin g  Table 6.1' th e  e q u iv a len t Schmid 
fa c to r  curve f o r  any tw in  and s t r e s s  a x is  p lane  ‘can be de term ined . The 
B urgers v e c to rs  on th e  curves r e l a t e  to  s t r e s s  axes ly in g  i n  th e  quadrant 
0001-1120-1100 o f  th e  stereogram  i n  f i g .6 .1 .
I t  should  be noted th a t  th e  p lane  denoted by (a ) i n  the  a n a ly s is  fo r  
| 10T2 } tw inn ing , (C hapter 5 )  eq u iv a len t to  a (b) type p lane  in  th e  
p re se n t a n a ly s is  o f  [ t1 2 l]  tw inn ing  (Table 6 .2 ) .
As in  th e  a n a ly s is  fo r  {1012} tw inn ing , s t r e s s  axes ly in g  in  p lan es  
hav ing  id e n t ic a l  l e t t e r  symbols g iv e  r i s e  to  id e n t ic a l  Schmid f a c to r  curves
A
f o r  e i th e r  tw inn ing  o r s l i p .
6 .2  {1121 j <TT26> Twinning
6 .2 .1  C ry s ta llo g rap h y  o f  Twinning '
The {1121 ] ty p e  tw in  i n  t i ta n iu m  has th e  fo llo w in g  ^w inning elem ents 
• (T able IV , C hapter 1) x -
K , o  ( 1 1 2 1 )  =  CTT26]
\  ~ (0001) n 2 « [1120]
These e lem ents a re  shown in  f ig .6 .1  on th e  s tan d a rd  s te reo g ram .
1 —The p o s it io n s  o f y  <1120> B urgers v e c to rs  b e fo re  and a f t e r  tra n s fo rm a tio n  
by tw inning  a re  a lso  shown.
The shape change caused by tw inn ing  i s  d e sc rib ed  sc h e m a tic a lly  in  
f ig .1 .1 1 d ,  and th e  change in  le n g th  in  complete tw inn ing  a long  any g iven  
d iro c ti& n  i s  oummarisod in  f i g . 6 .2 . Jlowovor fo r  sm all tw in  lamrnollao tho
diagram  i s  m o d ified , as shown in  f i g . 6 .3 .
6 .2 .2  Schmid F ac to rs  f o r  Twinning
P ig .6 .4  sh o w s 'th a t on ly  s t r e s s  axes ly in g  i n  D ty p e  p la n es  g iv e  r i s e  
to  a  Schmid f a c to r  curve sym m etrical about th e  c -a x is  o f  th e  p a re n t .  A ll 
• tw ins w i l l  grow under a  t e n s i l e  s t r e s s  p a r a l l e l  to  th e  c -a x is  o r a 
com pressive s t r e s s  normal to  th e  c - a x is .
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Fig.6.1 Stereogr aph ic  ( O O O l )  project ion  sho win g  ( 112  l) twinning  e l e m e n t s ,  
s t r e s s  a x i s  p l ane s  and twin p o le s .  P o s i t i o n  of  |  < I I 2 0 >  B u r g e r s  
v e c t o r s  in p a r e n t  an d (l  12 l) twin a r e  a l s o  s h o w n
TABLE 6.1
UNICES OF STRESS AXIS PLA1IES FOR jl121 j TITIflS
S tr e s s  a x is  p lan e  in J1121 j<  1126 > tw in  system s
stan d a rd  t r i a n g le  
(p a ren t m a trix )
1
1121
2
1211
3 ‘ 
21.11
4
1121
5
1211
6
2T11
(1210) B -D ~B -B ; d B
( t io o ) A -C -A - c .0
TABLE 6.2
S tre s s  ax is  p lane  in  
s tan d a rd  t r i a n g le  
(p a ren t m a trix )
(10T2) tw in  n o ta t io n  
i n  C hapter 5 ( 1121) tw in  n o ta t io n
(.1,21 o) a -B
(T100) ' A
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D im en s io n a l  c h a n g e s  a s  o f u n c t i o n  o f  o r i e n t a t i o n .  G r e a t  c i r c l e s  3 , 4 ,  
5 r e p r e s e n t  K|  p l a n e s  f o r  t h e s e  twin  s y s t e m s ,  a n d  1, 6 , 2  r e p r e s e n t  
p l a n e s  n o r m a l  t o  f o r  t h e s e  tw in  s y s t e m s
F i g .  6 . 2  F o r  _ c o m p l e t e  t w i n n i n g  
o n  {  1 1 2 1 }  s y s t e m s
F i g .  6 . 3  F o r  i n c o m p l e t e  t w i n n i n g  
o n  {  112 1 }  s y s t e m s
A All t w i n s  p r o d u c e  e x t e n s i o n  
B T w i n s  4  p r o d u c e  c o n t r a c t i o n .
' T w i n s  1,2 ,  3 ,  5 , 6  p r o d u c e  e x t e n s i o n  
C 1 , 3 , 4 ,  6 p r o d u c e  c o n t r a c t i o n .
2 ,  5  p r o d u c e  e x t e n s i o n  
D All t w i n s  p r o d u c e  c o n t r a c t i o n
A All t w i n s  p r o d u c e  e x t e n s i o n  
B Twin 4  p r o d u c e  c o n t r a c t i o n
1. 2 . 3 . 5 ,  6 p r o d u c e  e x t e n s i o n  
C|  4 , 3  p r o d u c e  c o n t r a c t i o n .
1 . 2 . 5 ,  G p r o d u c e  e x t e n s i o n  
c 2 p r o d u c e  c o n t r a c t i o n .
2 . 5 . 6  p r o d u c e  e x t e n s i o n
C3 1, 3 , 4 , 6  p r o d u c e  c o n t r a c t i o n .
2 , 5  p r o d u c e  e x t e n s i o n  
D| 3 , 4 , 5  p r o d u c e  c o n t r a c t i o n .
1. 2.6 p r o d u c e  e x t e n s i o n
Dg I, 3 , 4 ,  5 produce c o n t r a c t i o n .
2 . 6  p r o d u c e  e x t e n s i o n
D j  1, 3 , 4 , 5 ,  6  p r o d u c e  c o n t r a c t i o n .
2 p r o d u c e  e x t e n s i o n  
D All t w i n s  p r o d u c e  c o n t r a c t i o n
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Fig 6 * 4  S c h m i d  f a c t o r s  f o r  t w i n n i n g  f o r  s t r e s s  a x e s  in p l a n e s  ( A ) ,  
( B ) , ( c ) a n d  (D).  0 is a n g l e  b e t w e e n  s t r e s s  a x i s  an<5 [ O O O j M
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'6«3 S lip  Systems
Since a l l  y  < 1120 > B urgers v e c to rs  l i e  in  K^, th e  in d ic e s  and mag­
n itu d e s  o f th e  B urgers v e c to rs  a re  s im ila r  a f t e r  tra n s fe r .; ;  : ■ although.A
t h e i r  p o s i t io n s  a re  changed to  K ^ ( f i g .6 .1 ).- For th e  (1121) tw in , th e  
fo llo w in g  tra n s fo rm a tio n s  o ccu r.
Sype 1 • J  £ 1 i2o3j, ♦  4  C m o J j  + 2t  (6. 1)
*1 V
4  [T2T0 ] ,, •* 4  t 2110]m + t  I : . ( 6 . 2 )3 - j I JT j
" VSype 2 L < . 'J
4  [ 2TTo]m -  4  (1210] j  4- t "
■*2 - V
J (6 .3 )
Bo d is lo c a tio n s  having th o se  Burgers v e c to rs  can g l id e  th ro u g h  a 
tw in  in te r f a c e  y /ithou t r a is in g  th e  energy o f  th e  in te r f a c e  hy g e n e ra tin g  
tw inn ing  d is lo c a t io n s .  For th e  p re se n t th e  d is lo c a t io n s  a re  assumed
to  n u c le a te  e i th e r  in  th e  tw in  o r in  th e  p a re n t.
6 .3 .1  Schmid F a c to rs  f o r  B asa l S l ip  in  P a re n t and Twin
In  f i g . 6 . 5 , fo r  s t r e s s  a x is  p la n e s 'ty p e  (A) and (c ) th e  Schmid 
f a c to r s  f o r  b a s a l  s l i p  in  th e  p a re n t ( E ^ )  a re  id e n t i c a l ,  a t t a in in g  maxima 
a t  6 = £45° and a v a lu e  o f zero  a t  6 = 0 o r  +^0°.
S im ila r ly  F ^  curves i n  p lan es  (B) and (D) a re  id e n t i c a l ,  rem ain ing  
zero  f o r  one s l i p  system* w h ils t  th e  o th e r two s l i p  system s have e<iual F ^  
v a lu e s .
U nlike [10T2] type tw in n in g , th e  Schmid’ f a c to r  fo r  [1121 j ty p e  
tw in n in g , F^, is ' a maximum, when F ^  v a lues a re  h ig h , excep tin g  p lane  (D).
Schmid f a c to r s  f o r  b a sa l  s l i p  in  th e  tw inned m a tr ix , F ^ ,  a re  a ls o  
shown i n  f i g . 6 .5 .' F ^  v a lu es  rem ain  la rg e  i n  re g io n s  o f th e  s t r e s s  a x is  
p la n es  where F ^  i s  ten d in g  to  become small®
In  g e n e ra l F^T va lu es  a re  h i g h , ‘no c o n s is te n t ly  low v a lu es  a re  
o b ta in e d , as th e y  were fo r  th e  (d) type p lanes i n  [1012} tw in n in g . .
6 . 3 .2  B atio  o f  Maximum Schmid F a c to rs  f o r  B asal S l ip  i n  P a re n t and 
Twin • ‘ .
From f i g . 6 .5* th e  r e l a t i v e  Schmid f a c to r s  can  be determ ined  f o r  any
-  158 -
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• F i g .  6 . 5 a  . S c h m i d  f a c t o r s  f o r  t w i n n i n g  Q— ^), b a s a l  s l i p
in p a r e n t  m a t r i x  ( - 0 - 5 ,  a n d  t w i n  m a t r i x  ( - - x — ) .
(a )  S t r e s s  a x i s  l y i n g  in ( T l O O ) M o r  (A )  t y p e  p l a n e .
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twin, system  and fo r  any s t r e s s  a x is  ly in g  in  th e  l e t t e r e d  p la n e s . The
r e l a t i v e  Schmid f a c to r s  a re  exp ressed  as a r a t i o  o f  th e  maximum Schmid
f a c to r  f o r  h a s a l  s l i p  in  th e  tw in  to  th e  maximum Schmid f a c to r  fo r  b a sa l 
s l i p  in  th e  p a re n t .  This r a t i o ,  i s  shown in  f i g . 6 .6 . f o r  th e
s l i p  system s p o ssess in g  maximum Schmid fa c to r s  i n  th e  tw in  o r p a re n t 
m a fr ic e s , a t  any g iv en  va lue  o f 0 . S lip  i s  favoured  in  th e  tw in  m a trix  
when th e  Schmid f a c to r  r a t i o  exceeds u n i ty ,  and i s  favoured  i n  th e  p a re n t 
m a tr ix , when th e  r a t i o  i s  le s s  th a n  u n i ty .  As proposed i n  C hapter 5 , 
a d if fe re n c e  i n  Schmid f a c to r  g r e a te r  th a n  0.1 i s  con sid ered  to  r e s u l t  in  
g r e a te r  s l i p  i n  t h a t  m a trix  having  th e  h ig h e r Schmid f a c t o r .  P i g .6 .6 . 
shows th a t  when th e  r a t i o  i s  u n i ty  th e  Schmid f a c to r  f o r  tw in n in g , Fp, 
may be la rg e  o r z e ro , w hile  P ^ »  P ^  f o r  ® = 0 ° , o r  +90° and 
P-BM» P b T f o r  G + 60° and -4 0 ° .
The amount o f s l i p  in  p a r t i c u la r  tw ins r e l a t i v e  to  th a t  in  th e
p a re n t i s  summarised i n  Table 6 .3 .
6*3-3 Schmid F ac to rs  f o r  Prism  S lip  in  P aren t and Twin
Schmid f a c to r  curves fo r  prism  s l i p  in  th e  p a ro n t (Pp^) id e n t ic a l
in  a l l  p lan es  A to  3) in  f i g . 6.7* s in c e  two s l i p  system s have equal Fp^. 
v a lu es  w hile  th e  th i r d  has a v a lu e  o f  z e ro .
In  th e  tw in  ( f i g . 6 . 7 ) th e  curve o f Fpp v a lu es  f o r  th e  s t r e s s  a x is  
in  th e  A-typo p lane  i s  id e n t ic a l  in  shape to  th o  Fp^ cu rve , b u t i s  d isp la ce d  
by ^ 4 0 °- 'In  A and D type p lanes one system  has zero  Fpp v a lu es  w h ile  i n  A 
th e  o th e r  two system s a re  e q u a l. I n  B and C -type p lan es  no system  has 
zero  Fpp v a lu es  f o r  a l l  v a lu es  o f Q .
6 . 3 .4  R a tio  o f Maximum Schmid F a c to rs  f o r  P rism  S lip  in  P a re n t 
and Twin
I n  p lan es  A, B and C when Fp i s  n e g a tiv e , Pp^. > Fppj th e  o p p o s ite  
i s  t r u e  f o r  p o s i t iv e  F p . F o r  D -type p la n e s , Fp i s  p o s i t iv e  and Fpp > Fm  
f o r  a l l  v a lu es  o f  G. This i s  i l l u s t r a t e d  in  f i g . 6 .8 . When r a t i o s  a re  t 
n ea r u n i ty ,  Fp v a lu es  approach z e r o 'in  a l l  p lan es  excep t D.. The d a ta  fo r  
in d iv id u a l  tw ins i s  p re sen ted  in  Table 6 .3 .
6 .4  D iscussion  ’ * *
The Schmid f a c to r  curves have proved u s e fu l  when c o n s id e rin g  d a ta  
o b ta in ed  by o th e r  a u th o rs . For example th e  Schmid f a c to r s  f o r  tw inn ing  
quoted i n  R ef. 158 were r a p id ly  confirm ed by r e f e r r in g  to  f i g . 6 .4  and .
Table 6 .1 . S im ila r ly  an  e r r o r  i n  th e  ta b le  in c lu d ed  in  R ef*171 was
-  163--
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F i g . 6 . 6  R a t i o  o f  m a x im u m  S c h m i d  f a c t o r s  f o r  b a s a l  s l i p  in t h e  tw in  
t o  m a x im u m  v a l u e s  in p a r e n t .  F T = 0  f o r  v a l u e s  0 m a r k e d  I
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TABLE 6.3
Predom inant
, . s l i P 
system
Sense o f 
s t r e s s  re q u ire d  
fo r  tw in  growth
S tre s s
a x is
p lane
Twin system s
1 ' 2 3 4 5 ■ 6
T e n s ile 1210 t/M T/m T /t T /t T/m t/m
BASAL (Prp p o s i t iv e ) 1T00 t/M t/ m T /t T /t T / t t/ m
■ Compressive 1210 M /t T/m* m/ t m/ t T/m* t /T
(Ft  n e g a tiv e ) 1100 t /T t /T m/T m/ t m/T t /T
T e n s ile 1210 T /t T / t T /t T / t T / t T / t
PRISM
(Py p o s i t iv e ) i?oo T /t • T/fc T / t T / t T / t T / t
Compressive 1210 m/M T /t* m/k m/k T /t* m/k
(F^ n eg a tiv e ) 1T00 m/M m m m/M m m
m (t) in d ic a te s  th a t  ^BM^BT^ > ^BT^BM^ 107 0,1 
M (t) in d ic a te s  th a t  > 107 *°*'1
* Twin does not form in  com pression h u t th e  r e s u l t s  a re  v a l id  
f o r  p r e - e x is t in g  tw in s .
<
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Fig .  6  • 7 a .  S c h m i d  f a c t o r s  f o r  pr ism s l i p  s y s t e m s  in tv/in a n d  p a r e n t .
N o t a t i o n  a s  f o r  F i g . 6 . 5
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tv/in a n d  p a r e n t .  N o t a t i o n  a s  in F i g .  6 . 6
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re v e a le d ; th e  Schmid f a c to r  f o r  tw in  b should he n e g a tiv e . I t  i s  
a lso  c le a r  th a t  th e  s te re o g ra p h ic  p ro je c tio n  in  R o s irs p a p e r ^  i s  
in c o r r e c t ;  e i th e r  tb.® tw in  p o le s  o r th e  s t r e s s  a x is  must he changed 
to  correspond  w ith  th e  t e x t .
As in  th e  p rev ious a n a ly s is ,  a d if fe re n c e  in  Schmid f a c to r  o f  
g r e a te r  th a n  0.1 i s  used as a c r i t e r i o n  f o r  d ec id in g  w hether s l i p  in  
one m a trix  predom inates over th a t  in  th e  o th e r .  .T ab le '6*3 sum m arises 
th e  d a ta  f o r  in d iv id u a l tw in s , th e  n o ta t io n  heing  s im ila r  to  t h a t  used 
p re v io u s ly . The r o le  o f p r e - e x is t in g  tw ins and o f tw ins n u c lea te d  under 
an ap p lied  s t r e s s  w i l l  he con sid ered  s e p a ra te ly  s in c e  th e  e f f e c t s  a re  
d i f f e r e n t  in - th e s e  two c a se s .
6.4*1 R e la tiv e  S lip  in  P r e - e x is t in g  Twins
I f  I t  i s  assumed th a t  a l l  tw ins a re  eq u a lly  re p re se n te d  th e  e f f e c t  
o f th e  p resence  o f  a tw in  on th e  a b i l i t y  to  s l i p  can he determ ined  from 
Tahle 6.3* A q u a n t i ta t iv e  e s tim a te  o f  th e  e f f e c t s  o f tw inning  i s  g iven  
in  Tahle 5*4* ^h® percen tag es  were o b ta ined  by m easuring th e  t o t a l
an g le  over which th e  Schmid f a c to r s  f o r  s l i p  were g r e a te s t  i n  tw in  
(column 1) and i n  p a ren t (column 2 ) .  Angles fo r  which th e re  was l i t t l e  
change were a lso  measured (column 3 ) .
. I t  i s  ap p aren t from Tahle 5*4* th a t  tw inning  r e o r ie n ts  th e  c r y s ta l
) ■ 
to, favou r prism  and b a sa l  s l i p  to  about equal e x te n t .  However b a s a l  s l i p
i s  made more d i f f i c u l t  by tw inning  more o f te n  th a n  i s  prism  s l i p .  Thus
p re -e x is t in g  tw ins might be expected  to  fav o u r p rism  s l i p  more th a n  b a sa l
s l i p ,  a lth o u g h  th e  e f f e c t  i s  no t so marked as when {10T2 ] tw ins o ccu r .
I t  must be emphasised th a t  th e  percen tag e  f ig u r e s  i n  Table 5*4* 
r e f e r  t o ‘a rra y s  o f axes ly in g  in  th e  p lanes a lre a d y  d e fin e d . I t  i s  no t 
p o s s ib le  from th e  p re se n t d a ta  to  o b ta in  v a lu es  f o r  reg io n s  w ith in  th e  
s tan d a rd  t r i a n g le ,  and th u s  th e  case  o f  a random a rra y  o f axes cannot be 
d e a l t  w i th ^ ^ .  .However th e  method does in d ic a te  a p o s s ib le  approach  to  • 
th e  problem of th e  r o le  o f tw inn ing  i n  th e  defo rm ation  o f a  p o ly c r y s ta l l in e  
a g g re g a te . * ,
6 . 4 .2  R e la tiv e  S lip  in  Growing Twins
I t  i s  w orth  no tin g  here  th a t  tw in  n u c le a tio n  o f te n  occurs i n  a 
c o -o p e ra tiv e  manner on {1121J p lan es  having  a p a r t i c u la r  r e la t io n s h ip  to
each  o th e r . The r e s u l t  i s  a z ig -z ag  p a t te r n  o f tw ins in  a f r e e  s u r fa c e .
33 4 .139This was observed i n  t i ta n iu m  by R osi e t  a l  and R osi • Reed—H i l l  and
171Buchanan have analysed  z ig -zag  tw inning in  z ircon ium . The tw ins 
occurred  in  p a i r s  such  th a t  t h e i r  tw inning sh ea rs  were w ith in  17° i . e .  
tw ins 1 and 2 o r 1 and 6 in  f i g . 6.1 in  agreement w ith  Rosi 
o b se rv a tio n s . I n  zirconium  th e  a c t iv e  tw ins had Schmid f a c to r s  > 0 ;38 ,
whereas n o n -o p e ra tiv e  tw in  system s had v a lu es  <:0.16. J e f f e r y  and
158Sm ith ^ found th e  predom inant tw in  .systems had Schmid f a c to r s  > 0 .3 , 
h u t th e re  was a lso  some sm all .twins w ith  v a lu es  as low as 0 .06  and w ith  
n eg a tiv e  s ig n s .  Anderson e t  a l ^ ^  a lso  found (1121 ] tw ins o ccu rred  a f t e r  
c o n sid e rab le  p l a s t i c  s t r a i n  by s l i p .
C learly  th e se  f a c ts  should  be borne in  mind when co n sid e rin g  which 
tw in  system  i s  l i k e l y  to  o p e ra te  under an ap p lied  s t r e s s .
An in d ic a t io n  o f th e  o r ie n ta t io n  dependence o f tw inning can be 
deduced from f i g . 6.3* ®ie r e l a t i v e  s l i p  i n  th e  tw in  and th e  p a re n t
m a tric e s  can be determ ined from T able 6.3*which has been deriv ed  from 
Table 6.1 and f i g s . 6 .5  and 6 . 7 .
For t e n s i l e  s t r e s s e s  p a r a l l e l  to  th e  c -a x is  no s l i p  system  o p e ra te s , 
b u t a l l  tw in  system s a re  favoured  w ith  a Schmid f a c to r  o f 0 .2 8 . S l ip  w i l l  
be pronounced i n  a l l  tw ins r e l a t i v e  to  th e  p a re n t ,  p a r t i c u la r ly  when b a sa l 
s l i p  p redom inates. N e ith er b a s a l  s l i p  nor tw ins a re  favoured when t e n s i l e  
s t r e s s e s  a c t  normal to  th e  c - a x is ,  b u t prism  s l i p  th e n  has a maximum Schmid 
f a c to r .  ( i t  i s  notew orthy th a t  p re -e x is t in g  tw ins would f a c i l i t a t e  b a sa l 
s l i p  under th e se  c o n d itio n s , f i g . 6 .6 . ) .
No s l i p  o r tw in  system  i s  favoured  by com pressive s t r e s s e s  p a r a l l e l  
to  th e  c -a x is ,  a lth o u g h  p re -e x is t in g  tw ins would ag a in  g r e a t ly  enhance 
b a s a l ,  and to  a l e s s e r  e x te n t ,  p rism  s l i p .  A ll tw in  system s o p e ra te  f o r  
o r ie n ta t io n s  normal to  th e  c - a x is ,  to g e th e r  w ith  prism  s l i p  i n  th e  p a re n t .  
These tw ins w i l l  n o t enhance prism  s l i p  b u t w i l l  g r e a t ly  enhance b a s a l  
s l i p . ,•
O ther im portan t o r ie n ta t io n s  l i e  i n  reg io n s  and in  f i g . 6 .3 , 
s in c e  th e se  o r ie n ta t io n s  a re  o b ta in ed  in  texfcured s h e e ts .  For axes in  
(iTOO), IL , in  f i g . 6 .3 , t e n s i l e  and com pressive s t r e s s e s  fav o u r tw insI t
1, 2 , 6 and 3 , 4 , 5 re s p e c t iv e ly .  For axes i n  (1210), C^, th e  co rrespond ing  
tw in  system s a re  1, 2 , '5 , 6 and 4y 3» However on ly  prism  s l i p  i s  enhanced 
by any o f th e se  tw in s , and th e n  on ly  under t e n s i l e  s t r e s s e s .
Extremes o f s l i p  occur in  tw ins n u c lea ted  i n  c e r ta in  o r ie n ta t io n s .
The co n d itio n s  a re  summarised i n  Table g r e a te s t  e f f e c t  w i l l  a r i s e
when b a sa l s l i p  predom inates, and tw ins n u c lea te  under t e n s i l e  o r  com pressive
s t r e s s e s  a c tin g  p a r a l l e l  and norm al1 to  the  c -a x is  r e s p e c t iv e ly .  I n  th e  
form er case th e  r e s u l t s  d i f f e r  from th o se  f o r  {1012} tw inn ing , when 
prism  s l i p  produced th e  g r e a te s t  e f f e c t .
6 .4 .3  Twin Boundaries as O b stac les  to  S lip
1 -None o f th e  d is lo c a t io n s  w ith  *j<1120 > B urgers v e c to rs  can g l id e
th rough  J1121} tw in  in te r f a c e s  w ithou t producing a d e fe c t in  th e  in te r f a c e
and th u s  r a is in g  th e  i n t e r f a c i a l  energy . At low s t r e s s e s  th e re fo re  th e
• in te r f a c e  w ill. proba*bly a c t as a h a r r i e r  to  s l i p .  There i s  ev idence th a t
tw inning  does in c re a s e  th e  s t r a i n  harden ing  exponent o f t i ta n iu m  a t  low 
85tem peratu res When tw ins n u c le a te ,  th e  d is lo c a t io n  d e n s ity  on e i th e r
s id e  o f th e  boundary w i l l  norm ally  he unequal, because th e  re so lv e d  sh ear 
's t r e s s e s  a re  g r e a te r  i n  one m a trix  th an  in  th e  o th e r .  E xcep tions occur 
when b a sa l s l i p  predom inates and fo r  c e r ta in  s t r e s s  axes having  0 v a lu es  
o f  approx im ately  30° and -6 0 ° . Then th e  r a t i o  o f  th e  maximum Schmid 
f a c to r s  i s  u n i ty  ( f i g . 6 .6 )  and h ig h  Schmid f a c to r s  occur f o r  b o th  tw inning
and s l i p  in  p a re n t and tw in  m a tr ic e s . This r e s u l t  i s  no t found i n  {1012}
*
tw inn ing ,' when a r a t i o  o f u n i ty  on ly  co incided  w ith  a zero Schmid f a c to r  
f o r  tw inn ing .
6*5 Summary
The curves p re sen ted  a llow  ra p id  d e te rm in a tio n  of Schmid f a c to r s  
f o r  {1121} tw inn ing  and f o r  b a s a l  and prism  s l i p  system s in  p a re n t and , 
tv /in . I f  a specimen co n ta in s  tw ins and a l l  tw in  system s a re  e q u a lly  
re p re se n te d , th e n  th e  number o f s t r e s s  axes f o r  which the a b i l i t y  to  s l i p  
i s  in c reased  by th e  p resence o f a tw in  i s  about th e  same fo r  b a s a l  and 
p rism  s l i p  system s. However th e  a b i l i t y  to  s l i p  i s  decreased  f o r  many 
mor*e s t r e s s  axes when b a sa l s l i p  predom inates th a n  when prism  s l i p  p re ­
dom inates. Twinning on {1121} system s thus fav o u rs  s l i p  on p rism  p la n e s , 
b u t th e  d if fe re n c e  i s  not n e a r ly  so g re a t  as i s  found fo r  {1012} tw in n in g .
S lip  avalanches w ith in  tw in  m a tric e s  a re  expected when tw ins n u c le a te  
under t e n s i l e  s t r e s s e s  p a r a l l e l  o r  com pressive s t r e s s e s  normal to  th e  
c -a x is  r e s p e c t iv e ly .  The e f f e c t  i s  expected to  be g re a te r  when b a s a l  s l i p  
p redom inates, whefeas i n  th e  case  o f {10T2 } tw inn ing  th e  e f f e c t  was g r e a te s t  
when prism  s l i p  predom inated. In  g en e ra l, when tw in s  n u c le a te  u n der an 
a p p lie d  s t r e s s ,  e i th e r  b a sa l s l i p  o r  prism  s l i p  may be enhanced, depending 
on th e  o r ie n ta t io n .
At low s t r e s s e s  th e  {1121} tw in  boundaries w i l l  a c t as b a r r i e r s  to  
a l l  - j  <1120 > type d is lo c a t io n s .  When tw ins can n u c le a te  th e re  a re
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o r ie n ta t io n s  in  which, b a sa l s l i p  i s  eq u a lly  favoured  in  tw in and p a re n t, 
a r e s u l t  no t o b ta in ed  fo r  the  prism  s l i p  case and no t found fo r  e i th e r  
s l i p  system  in  {101*2} tw inn ing .
6 .6  S lip  P lanes f o r  Transform ed D is lo ca tio n s
The e f f e c t  o f  {-1-121 } tw inn ing  on th e  subsequent a b i l i t y  to  s l i p  has
1 —been  d isc u sse d . I t  was assumed th a t  only th e  .normal y  < 1120 > type d is lo c a ­
t io n s  were n u c lea te d  w ith in  th e  tw in  and p a re n t m a tr ic e s . However th e  
observed d u c t i l i t i e s  in  p o ly c ry s ta l l in e  tita n iu m  a re  not e a s i ly  accounted 
f o r  in  term s o f  th i s  B urgers v e c to r  (C hapter 1 .V I I I ) .
D is lo c a tio n  in te r a c t io n s  a t  {1121} tw in  in te r f a c e s  have not p re v io u s ly  
been d iscu ssed  i n  th e  l i t e r a t u r e ,  a lthough  such  in te ra c t io n s  may be • 
p a r t i c u la r ly  im p o rtan t in  the  defo rm ation  o f p o ly c ry s ta l l in e  t i ta n iu m . I t  
I s  th e re fo re  proposed i n  th i s  r e p o r t / t o  co n sid e r th e  in te r a c t io n s  betw een 
{.1121] tw ins and y  <1120> type d is lo c a t io n s  g l id in g  in  b a sa l  and prism  
p la n e s .
1 -Since a l l  y  < 1120> B urgers v e c to rs  l i e  i n  t h e i r  p o s i t io n s 'a r e
changed to  by th e  tw inning sh ea r ( f i g . 6 .1 ) .  f o r  th e  (l.1<?t) tw in , th e
tra n s fo rm a tio n s  occur accord ing  to  equations 6 .1 -6 .3 .  \
6 .6 .1  B asa l S l ip  in  P a ren t
The b a s a l  p lan es  in  b o th  tw in  and p a re n t m a tric e s  in t e r s e c t  th e  tw in  
— 1 — 
boundary along ( f i g . 6 . 9 ) .  Any y <  1120> type d is lo c a t io n  g l id in g
i n  th e  p a ren t b a s a l  p lan es  may p e n e tra te  th e  tw in  boundary and s l i p  on b a s a l  
p lan es  i n  th e  tw in  a f t e r  tra n s fo rm a tio n . The segments o f d i s lo c a t io n  
p a r a l l e l  to  th e  co h eren t tw in  boundary have e i t h e r  mixed ( ty p e  (1) d is lo c a ­
t io n s )  or edge c h a ra c te r  (ty p e  (2 ) d is lo c a t io n s ’) .  Thus-where th e se  
d is lo c a tio n s  pass th rough  th e  tw in  in te r f a c e  th e y  w i l l  produce tw inn ing  
d is lo c a t io n s  a s s o c ia te d  w ith  s te p s  i n  th e  tw in  in te r f a c e .  T his i s  shown 
sch e m a tic a lly  'in  f i g s . 6 .10  and 6 . 15a .
6 .6 .2  Prism  S lip  in  P aren t
Prism  s l i p  predom inates i n  ti ta n iu m  (C hapter 1 .V II) . Type (1 ) 
d is lo c a tio n s  w i l l  g l id e  on a p lane which i s  p a r a l l e l  i n  tw in  and p a re n t i . e . '  
( 1T0 0 ) i n  f i g . 6 . 9 .  ' Thus fo r  each {1121} tw in , one th i r d  o f a l l  th e  
p o s s ib le  y  <1120 > type  d is lo c a t io n s  may g l id e  on prism  p lanes u n d ev ia ted  ■ 
th ro u g h  th e  tw in  in te r f a c e ,  as shown i n  f i g . 6*11
Type (2 ) d is lo c a t io n s  g l id in g  in  prism  p lan es  in te r s e c t  a co h eren t 
{1121} tw in  boundary p a r a l l e l  to  <1123> d i r e c t io n s .  * The B urgers v e c to r  
o f  th e  d is lo c a t io n  a f t e r  tra n s fo rm a tio n  does not l i e  in  th e  prism  p lane
0=) 
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Fig.6.9 S tereographic projection of slip planes for transfo rm ed  dislocations 
1 in type I (b( Burgers; vector) and type 2 (-b3 Burgers vector) in terac tio n s
(see tex t)
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co n ta in in g  th e  d is lo c a t io n  l in e  e .g .  in  f i g . 6 . 9 , -7 [ 1210] „  tran sfo rm s
1 r— 1 , __ • Jj  M
y  12110-1 which does no t l i e  in  ( 1010)^  pass in g  th rough  [1213 ]
This d is lo c a t io n  w i l l  l i e  in  (0111)^ and may g l id e  away from th e  tw in  
boundary in  th i s  p la n e . However in  tita n iu m  s in g le  c ry s ta ls  and po ly ­
c r y s ta l s  s l i p  i n  <c+a> d ire c t io n s  has been observed* I n  z in c  and 
cacfmium th e  p re fe r re d  s l i p  p lane  f o r  d is lo c a t io n s  w ith  t h i s  B urgers  
v e c to r  i s  [1.122 }• I t  i s  th e re fo re  proposed i n  t h i s  Chapter to  c o n sid e r 
on ly  prism  s l i p  in  <1120 > d ir e c t io n s  and [1122 ] s l i p  in  <c+a> d i r e c t io n s .  
The fo llo w in g  p o s s ib le  d is s o c ia t io n s  a re  now re le v a n t .
~ [2 1 ia l,j , —  4 [T2To]t  + j[TT20]t  (6 .4)
-b  ^ b * h *,3 2  A D1 '
produced i n  g l i s s i l e  i n  immobile *
eq u atio n  ( 6 . 2 ) above (TOIO)^
One o f “th e  p roduct d is lo c a t io n s ,  ly in g  p a r a l l e l  to  th e  a p p ro p r ia te  <1213> 
d i r e c t io n ,  can now g lid e  in  [1010 }^ , i n  th e  tw in  ( f i g . 6 . 9 ) ,  a  s e s s i l e  
d is lo c a t io n  rem aining in  th e  tw in  in te r f a c e .
An a l te r n a t iv e  to  th e  re a c t io n s  6 .2  and 6 .4  above in v o lv es  pyram idal 
B urgers v e c to rs  e .g .
y  [i2To]K -  y  + booi]„ • (6 .5)
1 M ——
The y  [T2T3 ] d is lo c a t io n  so n u c le a te d , a t  th e  tw in  in te r f a c e ,  can g l id e  
away in  th e  (721*2)^ p la n e . (F u rth e r r e a c t io n  o f th e  type  ,
y [7 2 T 3 ]M/ T -  y  [727o] t  + [0 0 0 1 ]^  (6 .6 )
produces th e  y  [1270]^ d is lo c a t io n ,  g l i s s i l e  in  (7010)^ i . e .  eq u a tio n s
(6 .2 )  and (6 . 4 ) a re  eq u iv a len t to  (6 . 5 ) and ( 6 .6 ) .  For a g iv en  [1121]
1 —tw in , two th i r d s  o f t h e y  <1120> d is lo c a tio n s  can in te r a c t  a t  th e  tw in  
in t e r f a c e  in  t h i s  manner. F ig .6 .12  i l l u s t r a t e s  th e s e  in t e r a c t io n s .  Hote 
t h a t  one th i r d  o f  a l l  th e  <c+a > d is lo c a tio n s  g l id in g  in  11122} p la n es  can 
c ro ss  s l i p  th ro u g h  a 'g iv e n  [1121 } tw in  in te r f a c e  w ithout producing  d e fe c ts  
in  th e  in te r f a c e .  <
-  177
Fig. 6.12 S c h e m a t i c  d ia g r a m  o f  a  ty p e  2  d i s lo c a t io n  g lid in g
in a  p a r e n t  p rism  p l a n e .  D is lo c a t io n  - b  *  is  p r o d u c e d  by 
r e a c t i o n  ( 4 )  a n d  d i s lo c a t io n  b ^  ( < c  + a ^ .  is p r o d u c e d  by
R e a c t i o n  (s)  in t e x t
- 1 7 8  -
6 .7  R e la tiv e  Schmid F ac to rs  in  Twin and P aren t A fte r  T ransfo rm ation  
of B urners V ectors
Tlie m o b ility  o f th e  d is lo c a t io n s  produced by th e  above tran sfo rm a­
t io n s  w i l l  bo dependent on th e  re so lv ed  sh ear s t r e s s  a c tin g  on th e  product 
d is lo c a t io n  in  a p a r t i c u la r  s l i p  p la n e . Thus a p a re n t d is lo c a t io n  g l id in g  
under a h ig h  re so lv ed  sh ear s t r e s s  may impinge on th e  tw in  in t e r f a c e  and 
g iv e  r i s e  to  a d is lo c a t io n  fo r  which th e  re so lv ed  sh ea r s t r e s s  in  i t s  s l i p  
p lane  i s  much sm a lle r . The g r e a te r  th e  d if fe re n c e  between th e  Schmid 
f a c to r s  b e fo re  and a f t e r  tra n s fo rm a tio n  th e  more e f f e c t iv e  w i l l  be th e  
b a r r i e r  e f f e c t  o f  th e  tw in  boundary. I f  th e  d if fe re n c e  in  Schmid f a c to r s  
i s  sm a ll, th e  p roduct d is lo c a tio n s  may g l id e  away and r e l ie v e  th e  s t r e s s  
due to  th e  p i le -u p  a t  th e  tw in  in t e r f a c e .  The a c t iv e  s l i p  system  
n u c lea ted  IN th e  tw in  may o f course  have a h ig h e r  Schmid f a c to r  th a n  th e  
p roduct d is lo c a t io n  from th e  in te r a c t io n s .
The r e l a t iv e  Schmid f a c to r s  may be determ ined by comparing th e
a p p ro p r ia te  curves fo r  each s l i p  system  b e fo re  and a f t e r  t ra n s fo rm a tio n .
'  1 -Por b a sa l and prism  s l i p  system s and - j <1120> B urgers v e c to r s ,  th e  r e l a t i v e
Schmid f a c to r  v a lu e s  b e fo re  tra n s fo rm a tio n  can be ob ta in ed  from th e  curves 
d e sc rib ed  in  p a ra  6 .3 . Curves f o r  {1212]. <1213 > s l i p  system s a re  g iv en  
in  f i g s . 6 .13  and 6*14  fo r  th e  ( 1121) tw in .
6 .7 .1  B asal S lip  in  <11^0> D ire c tio n s
Type d )  d is lo c a tio n s  a re  u n lik e ly  to  g l id e  e a s i ly  th ro u g h  th e  i n t e r ­
fa c e , s in c e  la rg e  d if fe re n c e s  i n  Schmid f a c to r  e x is t  f o r  th e  m a jo r i ty  o f  
0 v a lu e s , a lth o u g h  a r a t i o  o f  u n ity  i s  ob ta ined  fo r  p a r t i c u la r  v a lu e s  o f 
+. Q * This i s  analogous to  th e  s i tu a t io n  found f o r  type  ( i )  d is lo c a t io n s  
and {1012 J tv /inn ing . /  .
Por type (2 ) d is lo c a tio n s  th e  most fav o u rab le  co n d itio n s  fo r  s l i p ,  
a f t e r  tra n s fo rm a tio n  e x is t  in  B type  p la n e s . Then th e  Schmid f a c to r s  a re  
n e a r ly  equal over an ex ten s iv e  range o f  0 v a lu e s  n ear +90° .
I t  i s  concluded th a t  f o r  th e  m a jo r ity  o f o r ie n ta t io n s  co n sid e red
b a s a l  s l i p  d is lo c a tio n s  a re  not l i k e ly  to  p e n e tra te  {1121} tw in  in te r f a c e s  
1 —and n u c lea te  - j <1120 > type  d is lo c a t io n s  in  th e  tw in .
6 . 7 .2  P rism  S lip  in  <1120> D irec tio n s
^yVe ( 0  d is lo c a tio n s  a re  favoured  b e fo re  and a f t e r  tw inn ing  fo r  
s t r e s s  axes in  C and B type  p lan es  and f o r  p o s i t iv e  0 v a lu e s . The Schmid 
f a c to r  r a t i o  i s  u n i ty  a t  h ig h  Schmid f a c to r  v a lu es  when 6 approaches 90°.
-  179' -
For type (2) d is lo c a tio n s  v e ry  favourable.Schm id fa c to r s  e x i s t  in
th e  D type  p lane  when th e  Schmid f a c to r  f o r  tw inn ing  i s  sm a ll. The
p roduct d is lo c a t io n s  a re  a lso  th o se  having th e  maximum Schmid f a c to r  in
th e . tw in  c r y s ta l .
•  *1 _
Thus — <1120>type d is lo c a t io n s  may r e a d i ly  p e n e tra te  { l12 lj tw in  
in te r f a c e s  over a range o f o r ie n ta t io n s .
6 . 7 .3  j 12121 <1213 > S lip
There a re  two p o s s ib le  pyram idal system s .th a t may be n u c lea te d  a t  a 
( 1121) tw in  in te r f a c e  by y  <1120 > d is lo c a tio n s  g l id in g  in  prism  p la n e s . 
These a re  (T212 ) [1213]^ n u c lea ted  by ( 10T0 ) [1210] ^  and (2T f2 ) [ 2113^  
n u c lea ted  by (01T o )[2110]^.. These may be r e fe r re d  to  as b^* and bg*
re a c tio n s  r e s p e c tiv e ly  accord ing  to  th e  d is lo c a tio n s  g iv in g  r i s e  to  th e se
<c+a> d is lo c a t io n s  ( f i g . 6 . 9 ) .
The Schmid f a c to r  curves f o r  th e  <c+a> d is lo c a tio n s  produced i n  th e
b ^ r re a c tio n s  a re  p lo t te d  in  f i g . 6.13 w ith  th e  s in g le  Schmid f a c to r  curve
f o r  th e  m a trix  superim posed. The re le v a n t s l i p  p lan es  a re  shown in  f i g . 6 .9
I t  should  be noted th a t  when comparing Schmid f a c to r  curves to  •
1 -
determ ine w h e th er.<c+ a > s l i p  w i l l  be n u c lea ted  b y - j  < 1120 > type d is lo c a t io n s  
care  must be tak en  to  ensure  t h a t  th e  curves used  r e l a t e  to  B urgers v e c to rs  
having th e  c o r re c t  sen se ,
e .g .  b^* re a c tio n . j [T2T0]m and y[T2T3] T ;
o r  -j [1210]m and ~ (1213]T
. b2 * r e a c t io n  y f e t i o j ^  and y[2113JT
01 jteT T o lj, and j [2 T r3 ]T
For th e  A  ty p e  p lane  <c+a> s l i p  i s  on ly  l i k e ly  when § i s  n e g a tiv e .
The Schmid f a c to r s  a re  th en  la rg e  and F » F  p a re n t fo r  th e  m a jo r ity  o fc+a
-  0 v a lu e s , and become equal a t  0 = -6 8 °  when ,the Schmid f a c to r  i s  0*37*
1 —The Schmid f a c to r s  fo r  y  < 1120 > s l i p  n u c lea ted  in  th e  tw in  i s  th e n  0 .1 4  
and f o r  tw inning  in  com pression i s  0.49* th i s  s t r e s s  a x is  tw ins
n u c lea ted  in  com pression favour <c+ a> s l i p .
I n  B ty p e  p lan es  ag a in  fo r  n eg a tiv e  0 th e  Schmid f a c to r  fo r  s l i p  i s  
fav o u rab le  though low, becoming equal a t  0 = —48 when th e  Schmid f a c to r s
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f o r  s l i p  and com pression tw inning  a re  0 .25 and 0 .35  re s p e c tiv e ly . Then
1 —the-maximum Schmid f a c to r  fo r  - j < 1 1 2 0 > s lip  in  th e  tw in  i s ^ O .1 .
I n  D type p lan es  and p o s itiv e ©  , when th e  Schmid f a c to r s  favour
< c+a > s l i p ,  th e  Schmid f a c to r  f o r  tw inning i s  v e ry  low e .g .  a t  G = +90°,
F<c+a> = 0 .3 4  F p a ren t = 0.44* For — ©the s i tu a t io n  i s  much more
fa v o u ra b le . T e n s ile  tw inning may nucleate< < c+ a> > slip , h u t p r e - e x is t in g
tw ins a re  e s p e c ia l ly  b e n e f ic ia l  s in c e  fo r  0 = - 78° th e  Schmid f a c to r s  f o r
s l i p  a re  equal i n  tw in  and p a ren t (0 .4 2 ) . The maximum Schmid factcn? fo r  
-] _ _
• j <1120> s l i p  in  th e  tw in  i s  a ls o  la rg e  (0„47)> no te  th a t  th e  r e a c t io n  
(6 .2 )  and (6 . 4 ) would only  g iv e  y < 1120> s l i p  w ith  a Schmid f a c to r  o f  
0 .3 2 .
P ig .6 .1 4  shows th e  Schmid f a c to r  curves fo r  th e  <c+a> system  produced
• i  *
•by th e  b^ 1 r e a c t io n .  The curve f o r  th e  A type p lan e  i s  s im i la r  to  th a t  
f o r  th e  b^* r e a c t io n  and <c+a> s l i p  i s  favoured when 0 i s  n e g a tiv e  and f o r  
tw ins n u c lea ted  in  com pression. For th e  C ty p e  p lane  p o s i t iv e  0 p ro v id es  
th e  most fav o u rab le  o r ie n ta t io n s ,  s in c e  f o r  0 -  O-9O0 h ig h  s l i p  and t e n s i l e  
tw in  Schmid f a c to r s  p r e v a i l .  The s l i p  f a c to r s  become equal a t  0= + 76°(0 .4 ) 
when th e  Schmid f a c to r  fo r  tw inn ing  i s  0 .07 ; th e n  p re -e x is t in g  tw in s  w i l l  
be most e f f e c t iv e  in  n u c lea tin g  < c + a > s l i p .
For th e  I) p lan e  and + © te n s ile  tv/inning i s  l ik e ly  to  n u c le a te  < c+a> 
s l i p  as in  th e  C p lan e  above. At 0 = +7$°* Schmid f a c to r s  f o r  s l i p  become 
equal a t  0.41* For - 0  and over a r e s t r i c t e d  range i . e .  -7 0  to  - 9O0 
c o n d itio n s  favour th e  n u c le a tio n  o f <c+a> s l i p  by p re -e x is t in g  tw in s  or 
tw ins produced u n d e r - te n s i le  s t r e s s e s  e .g .  ©= ~90° ,  F' ■ = 0 .33
F p a re n t = 0.44* However th e  Schmid f a c to r  fo r  y  <1120 > s l i p  in  th e  tw in  
i s  a lso  la rg e  (0 . 44 )* (Hote th a t  th e  Schmid f a c to r  i s  zero f o r  b^* and 
b2 T i n  p lan es  C. and B r e s p e c t iv e ly ) .
I n  g e n e ra l th e  Schmid f a c to r s  fo r  <c+a> s l i p  i n  th e  tw in  and fo r
A
-*<1120 > in  th e  p a re n t d i f f e r  by more than  0 .1 ;  However th e  Schmid f a c to r s  
a re  o f te n  equal a t  h ig h  v a lu es  f o r  s l i p  b u t low v a lu es  f o r  tw in n in g . I t  
i s  th e re fo re  concluded th a t  p r e -e x is t in g  tw ins would be p a r t i c u l a r ly  
b e n e f ic ia l  in 'n u c le a t in g  <c+a> s l i p  ( i t  a lso  fo llow s th a t  s l i p  n u c lea ted  
w ith in  tw ins can n u c le a te  <c+a> s l i p  in  th e  p a r e n t ) .  P a r t i c u la r  examples 
cap a lso  be found where < c + a > w ill  be n u c lea ted  f o r  tw inning e i t h e r  in  
te n s io n  or com pression. A d e ta i le d  example can now be p re se n te d .
Consider an annealed m a te r ia l  su b jec te d  to  a s t r e s s ,  th e  a x is  o f 
which l i e s  i n  th e  p lane  (T10 0 ) and re g io n  o f  th e  s tan d a rd  s te re o g ra p h ic
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t r i a n g le  ( f i g , 6 . 3 ) .  The re so lv ed  sh ea r s t r e s s e s  on each o f th e  tw in  
system s i s  such th a t  tw ins 1, 2 and 6 cause e x ten s io n  and 3 , 4 and 5 
cause c o n tra c tio n  in  th e  d i r e c t io n  o f th e  s t r e s s  a x is .  For th e  above 
s t r e s s  ax is  and from curves c o n s tru c te d  i n  f ig s .6 .1 3  and 6 .1 4 , i t  i s  
p o s s ib le  to  determ ine th e  re so lv ed  sh ea r s t r e s s  f a c to r s  f o r  th e se  tw in  
system s and any s l i p  mode s tu d ie d  as fo llo w s . . L et th e  m a te r ia l  s l i p  on 
prism  p la n e s .
From Table 6.1 th e  e q u iv a le n t s t r e s s  a x is  p lane  fo r  each tw in  can
be determ ined . The Schmid f a c to r  curve fo r  each tw in  system  and f o r
1 ■ • —  * • '
•7 <1120 > s l i p  i n  th e  p a ren t and in  each tw in  can be d e riv ed  from f i g s . 6 .4
1 ~
and 6 .7  r e s p e c t iv e ly .  The Schmid f a c to r  curves f o r  y < 1 1 2 0 >  s l i p  can
th e n  be compared w ith  th e  curves f o r  <c+a> s l i p  in  th e  tw in  shown 'in
f i g . 6 .13 and 6.14* The d a te  i s  summarised in  Table 6 . 4 *
• I t  can be seen  th a t  a t e n s i l e  s t r e s s  w i l l  cause tw in  1 to  n u c le a te .-
1 _
I n  t h i s  tw in  system  th e  Schmid f a c to r  fo r  *7 <1120 > s l ip  i s  much g r e a te r  
1 _  ■
th a n  e i th e r  y  <1120> s l i p  in  th e  p a re n t o r < c+a > s l i p  in  th e  tw in .
However tw ins 2 and 6 have f a i r l y  la rg e  Schmid f a c to r s .  I n  th e se  tw ins
1 -th e  Schmid f a c to r  f o r  <c+a > s l ip  i s  equal to  th a t  fo r  7  <1120 > s l i p  i n  th e
1 -tv /in  and g re a te r  th a n  th a t  fo r  -y <1120> s l i p  in  th e  p a re n t.
Thus under a t e n s i le  s t r e s s  th e  two tw in  system s 2 and 6 may n u c le a te  
<c+a> s l i p .
Under a com pressive s t r e s s  tw in  4 i s  l i k e ly  to  predom inate s in c e  i t
h a s  a la rg e  Schmid f a c to r  w h ils t  tw ins 3 and 5 have much sm a lle r  Schmid
f a c to r s .  Twin 4 i s  id e a l ly  o r ie n te d  fo r  n u c le a tin g  <c+a> s l i p ,  s in c e
1 —th e  Schmid f a c to r  fo r  y  <1120> s l i p  in  th e  tw in  i s  le s s  th a n  t h a t  i n  th e  
p a re n t ,  which i s  much le s s  th a n  th a t  fo r  <c+a> s l i p  in  th e  tw in .
The p o s s ib i l i t y  th a t  a l l  th e se  tw ins may e x is t  to g e th e r  in  f a b r ic a te d  
m a te r ia l  can a lso  be co n sid e red . T his may be o f co n sid e rab le  p r a c t i c a l  
im portance . The above d a ta  in d ic a te s  th a t  p r e -e x is t in g  tw ins would have 
a g re a te r  e f f e c t  th a n  tw ins n u c lea te d  in  t h i s  o r ie n ta t io n .  For example, 
tw in  4 would n u c lea te  < c+ a> s l i p  i n  te n s io n  a ls o ,  to g e th e r  w ith  tw ins 3 and 
5 . Consequently f o r  the  s t r e s s  a x is  d e fined  above hnd assuming tw in s  
2 , 3., 4 , 5 and 6 a re  a lre ad y  p re se n t i n  th e  m e ta l, th ey  w i l l  a l l  n u c le a te  
<c+a> s l i p  in  th e  twinned c r y s ta l  under b o th  t e n s i l e  and com pressive 
s t r e s s e s .
TABLE 6.4
RELATIVE S CHMII) FACTORS FOR PRISM SLIP AID h  121 S TWIMIHG- 
FOR A STRESS AXIS IN (l1QO) ARB REGION 3^  OF 
THE STANDARD STEREOORAPHIC TRIANGLE (FIG. 6 .3 )
Twin
System
E q u iv a len t 
S tr e s s  Axis
Schmid 
F a c to r  fo r
R e la tiv e
'Schmid R ea c tio n
P lane Twinning F a c to rs  ■*
1 ■ + A + 0 .5 Fm» F T>> F  ,T P c+a y ,  V
2 + C + 0*35 - 1 1 i'
< F  = Fm> F  ' ) c+a T P V  •
6 + c + 0 .35 h.^f zero
s
3 -  c -  0.1 ) ■ \
/ < F » F 13 =, Fm ) c+a P T V
5 -  c -  0.1
i zero
A -  A -  0 .4 F \ » F X) > Fm c+a P T V ’ V
* Fp Sc]amid f a c to r  f o r  {IcToj - j  <1210>in p a re n t
FT
Tf If n ” ” . in tw in
p . "  « {1212] ~  <1213 > s l i p  i n
twin- produced. By tw in  Boundary in te r a c t io n s
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6 .8  S lip  T races in  P a ren t and Twin
The tr a c e s  expected in  su rfa c e s  p a r a l l e l  to  (0001 and p a r a l l e l  
to  th e  p lane  o f sh ea r o f th e  tw in  have Been d eriv ed  from f i g . 6 . 9 .
When B asal s l i p  o ccu rs , p e n e tra t io n  o f th e  tw in  Boundary By type (2 ) 
d is lo c a t io n s  w i l l  Be ev id en t in  s e c tio n s  p a r a l l e l  to  .the p lane o f  sh ea r 
By th e  fo rm atio n  o f  s te p s  in  th e  tw in  in te r f a c e  (6 .1 5 a ) . Note th a t  
s im i la r  s l i p  t r a c e s  w i l l  Be produced By d is lo c a t io n s  n u c lea ted  w ith in  
th e  tw in .
The t r a c e s  expected  when prism  s l i p  occurs a re  shown in  f ig .6 .1 6 .
For c l a r i t y  tw in  Boundary s te p s  a re  om itted  i n  t h i s  f ig u r e .  Only type  2 
d is lo c a tio n s  produce t r a c e s  in  th e  p lane  o f s h e a r , tw in  Boundary s te p s  
ag a in  Being in d ic a t iv e  o f  d is lo c a tio n / tw in  in te r a c t io n s .  The t r a c e s  
produced w i l l  depend on w hether r e a c t io n  ( 6 . 4 ) aBove o ccu rs , le ad in g  to  
y  <1120> d is lo c a t io n s  and J 10T0 ] s l i p  t r a c e s ,  o r re a c t io n  ( 6 . 5 ) occurs* 
le ad in g  to  <c+a> d is lo c a tio n s  and {1122] s l i p  t r a c e s .  The t r a c e s  due to  
th e se  d i f f e r e n t  re a c tio n s  a re  e a s i ly  d is tin g u ish e d  Both i n  th e  p lan e  o f 
sh ea r ( f i g . 6 .1 6a) and in  th e  B asal p lane  s e c t io n  ( f ig .6 . l6 B ) .  I n  th e  
l a t t e r  s e c t io n  ty p e  (1) d is lo c a tio n s  w i l l  a lso  Become v is iB le  in  th e  tw in  
and may produce tw in  Boundary s te p s  i f  r e a c t io n  ( l )  o ccu rs .
6 .9  Summary
i ,
When y  < 1120> type d is lo c a t io n s  impinge on a {1121J tw in  in te r f a c e ,  
th e y  may tran sfo rm  to  produce s im ila r  type  d is lo c a t io n s  i n  the-, twin* 
However when th e  d is lo c a tio n s  g l id e  on prism  p la n e s , tw o -th ird s  o f th e  
4- <1120> ty p e  d is lo c a tio n s  can a ls o  in te r a c t  w ith  a g iv en  |1121] tw in
i *,
and n u c lea te  y  <1213> ty p e  d is lo c a t io n s  in  {1212 j type p la n e s . P re ­
e x is t in g  tw ins a re  expected to  Be p a r t i c u la r ly  u s e f u l - in  t h i s  r e s p e c t .
I n  c e r ta in ,  o r ie n ta t io n s  th e  Schmid f a c to r  f o r  th e  pyram idal s l i p  
system  may Be g r e a te r  th a n  <1120> s l i p  i n  e i th e r  th e  p a re n t o r  th e  tw in .
- 1 8 6  -
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Fig. 6.15 B a s a l  slip in p a r e n t  
a  S e c t i o n  p a ra l l e l  t o  t h e  p lan e  o f  s h e a r  o f  t h e  twin. S u r f a c e  slip  
s t e p s  a r e  p r o d u c e d  by ty p e  2  d i s l o c a t i o n s  b u t  n o t  by  t y p e  I 
b  S e c t i o n  p a r a l l e l  t o  ( 0 0 0 l ) M
Slip s t e p s  a r e  p r o d u c e d  by t y p e  I a n d  2  d i s l o c a t i o n s  in t h e  twin,
b u t  n o t  in p a r e n t .  D i s l o c a t i o n  t y p e  in d i c a t e d  by  f i g u r e s  in
b r a c k e t s
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Fig. 6.16 P r ism  s l ip  in p a r e n t
a  S e c t io n  p a r a l l e l  t o  p la n e  o f  s h e a r .  S lip  s t e p s  p r o d u c e d  by t y p e  2  
d i s l o c a t i o n s  a n d  < c  + a >  d i s l o c a t i o n s
-------------  |  < 1 I 2 0 >  t y p e  d i s l o c a t i o n s
— -------  < c  -j- a >  d i s l o c a t i o n s
b S e c t i o n  p a r a l l e l  t o  ( O O O l ) ^ .  T ype  I a n d  2  d i s l o c a t i o n s  will 
p r o d u c e  s t e p s  in tw in
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CHAPTER 7 
D iscussion
7*1 F a tigue  Damage in  H .C .P. M etals 
7*1.1 S lip  Band E x tru sio n
E x tru s io n  fo rm ation  in  fa tig u e d  hexagonal m eta ls  has no t h i th e r to
been re p o r te d . The complex d is lo c a t io n  models proposed fo r  s l i p  hand
e x tru s io n  and in t r u s io n  in  f . c . c .  m etals have re q u ire d  ex ten s iv e  c ro s s -
s l i p  o f screw s, sometimes i n  a c o -o p e ra tiv e  manner. This i s  u n lik e ly ,
e s p e c ia l ly  in  low s tac k in g  f a u l t  energy m etals and in  hexagonal m e ta ls .
The sm all amount o f  c r o s s - s l ip  to  produce d ip o le  loops appears s u f f i c i e n t
to  produce e x tru s io n s  in  cadmium, magnesium and tita n iu m  f o r  example,
whereas th e  sm a lle r  amount o f c r o s s - s l ip  in  z in c  i s  in ad eq u a te .
The p r e f e r e n t ia l  s i te s  f o r  e x tru s io n s  in  untw inned c r y s ta l  must a lso
he accounted f o r .  I n  view o f th e  s im i la r i ty  between th e  d e b ris  produced
320by untw inning and th e  d ip o le  loop  s t ru c tu re s  produced in  magnesium ,
•• • 3 5 -]
t i ta n iu m  and b e ry lliu m  by c y c l ic  s t r a i n s ,  i t  seems reaso n ab le  to  r e l a t e  
exfcrusion fo rm atio n  to  th e  d ip o le  loop s t r u c tu r e .
I t  was concluded in  Chapter 4*4 th a t  th e  occurrence o f e x tru s io n s  bn
cadmium and magnesium and th e i r  absence on z in c , could be ex p la in ed  in
term s o f th e  g l id e  o f d is lo c a t io n  loops o r d ip o le s  to  th e  f r e e  s u r fa c e .
Then vacancy type loops would g iv e  r i s e  to  in tr u s io n s  and i n t e r s t i t i a l  ty p e
loops would form e x tru s io n s . .
The loops and d ip o le  jogs a re  assumed to 'fo rm  by c r o s s - s l ip .  . The 
absence o f e x tru s io n s  .on z in c  i s  a t t r ib u te d  to  th e  d i f f i c u l t y  in  c r o s s -  : 
s l ip p in g  in  t h i s  m etal* This a llow s only  sm all jogs and narrow  d ip o le  
loops to  form , which may d egenera te  in to  p o in t d e fe c ts .  There i s  some
48 110 .evidence f o r  t h i s  i n  fa tig u e d  z i n c 1' 9 * . Even assuming a s ta b le  d ip o le
lo o p , i t  i s  u n lik e ly  to  be m obile i n  z in c , since, i t s  s h o r t segm ents w i l l
be i n  th e  c r o s s - s l ip  p lan e .
In  cadmium, magnesium and ti ta n iu m  th e  whole loop may g l id e  on i t s  •
352
s l i p  c y lin d e r . I t  i s  suggested  th a t  under s u i ta b le  s t r e s s e s  ^ th e  dense 
a r ra y  o f d ip o le  loops w i l l  move to g e th e r  to  th e  f r e e ,  s u r f  ace to  le av e  a 
column o f c r y s ta l  b enea th  th e  e x tru s io n  (o r  in t r u s io n )  which w i l l  be 
r e l a t i v e l y  f r e e  o f  d is lo c a t io n s .  Subsequent defo rm ation  in  t h i s  re g io n  
may d i f f e r  from th a t  produced by th e  e a r l i e r  s t r e s s  c y c le s . Thus th e
-  189 -
polygon s t r u c tu r e s  found in  f a t ig u e  s t r i a t i o r s i n  c o p p e r ^ ’^  may ^ e 
produced lay tlie  c y c lic  p l a s t i c  s t r a i n  fo llo w in g  e x tru s io n  fo rm a tio n .
The p re fe r re d  s i t e s  f o r  e x tru s io n s  in  untwinned c r y s ta l  i s  a lso  
accounted f o r ,  s in c e  such reg io n s  c o n ta in  a h ig h  d e n s ity  o f  loops and 
d ip o le s .  Subsequent s l i p  i s  in h ib i te d  i n  such reg io n s  (as shown i n .  . 
f i g . 4 .16) a lth o u g h  e x tru s io n s  s t i l l  occu r. T his suggests  th a t  p l a s t i c  
i n s t a b i l i t y  w ith in  th e  defect, s t r u c tu r e  g iv es  r i s e  to  th e  e x tru s io n . ' This 
i s  a lso  in d ic a te d  by th e  ra p id  i n i t i a l  r a te  o f e x tru s io n  grow th and subse­
quent c e s s a t io n  o f grow th observed i n  f i g . 4*9*
However e x tru s io n s  a re  no t n e c e s s a r i ly  observed in  m e ta ls  t h a t  r e a d i ly
c r o s s - s l ip ,  in  annealed  aluminium fo r  exam ple. The m o b ility  o f th e  d ip o le s
6?w i l l  then  be reduced by c r o s s - s l ip  o f screw  segm ents o f ‘th e  d ip o le  • The 
absence o f e x tru s io n s  in  cadmium fa tig u e d  a t  room tem peratu re  i s  a t t r ib u te d ,  
to  climb o f th e  d ip o le  loop segments b e fo re  s u f f i c i e n t  numbers o f  d ip o le s  
accum ulate o r reach  th e  s u r fa c e .
In  low s ta c k in g  f a u l t  -energy m etals and a l lo y s  th e  g l id e  o f th e  loops
could a lso  be a f fe c te d  by d is s o c ia t io n  o f  th e  loop segments -on. th e  g l id e
355 - • ' .c y lin d e r  *^s however e x tru s io n s  appear to  form re a d i ly  i n  such m e ta ls .
A mechanism based on g l i s s i l e  p r ism a tic  d is lo c a t io n  loops can account
f o r  e x tru s io n  and in t r u s io n  in  many c r y s ta l  sys'tems and f o r  th e  fo llo w in g
o b se rv a tio n s .
(a )  The low tem p era tu res  and e a r ly  s tag e s  in  th e  l i f e  a t  which* e x tru s io n s
occur, i . e .  co in c id en t w ith  a ra p id  r a t e  o f work harden ing  due to
356d ip o le  o r d e b r is  fo rm ation  •
357 358*(b) The ra p id  r a t e  o f fo rm atio n  o f ex tru s io n s  * V .
(c ) The d i s t r ib u t io n  o f e x tru s io n s  i n  c lo se  packed hexagonal m e ta ls .
(d) The absence o f in te r n a l  v o id s  b enea th  e x t r u s io n s * ^ .  •
There i s  good evidence fo r  easy  c r o s s - s l ip  f a c i l i t a t i n g  f a t ig u e
290 359 3 6 0c rack  n u c le a tio n  b o th  in  m eta ls  ^ > and io n ic  .c ry s ta ls  and a s i m i l a r .
r e la t io n s h ip  appears to  e x is t  f o r  s l i p  band e x tru s io n  ( in t ru s io n )  fo rm a tio n .
F o u rie  re p o rte d  i n t e r s t i t i a l  loops i n  u n id i r e c t io n a l ly  deformed copper
289and subsequent work by F e ltn e r  * showed b o th  vacancy and i n t e r s t i t i a l  loops
to  be p re sen t in  fa tig u e d  aluminium. Thus th e  proposed s l i p  band exfcrusion
model i s  c o n s is te n t  w ith  th e  observed d e fe c t s t r u c tu r e s  and th e  exp erim en ta l
362
d a ta  as d iscu ssed  f u r th e r  by Watt v  4 .
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I t  i s  note-worthy th a t  th o se  m etals*^^ and io n ic  s o l i d s ^ ^  th a t  do 
not r e a d i ly  c r o s s - s l ip ,  e x h ib it  h ig h  c y c lic  s t r a i n  harden ing  c a p a c ity  
and good fa t ig u e  s t r e n g th .  S t a t i s t i c a l l y  roughening th e  su r fa c e  by 
steps- to  produce a no tch  o r c rack  n u c leu s , as proposed by Wood"^^ and 
M ay^^ and d iscu ssed  by Euhlm ann-W ilsdorf and H ine^ .^  might be expected 
to  o p e ra te  id e a l ly  in  such m a te r ia ls .  The enhanced fa t ig u e  s t r e n g th  
observed su g g es ts  t h i s  mechanism i s  not im portan t in  p r a c t ic e .
7•1•2 C yclic  Twinning
P a r t i c u la r  a t t e n t io n  h as been pa id  to  th e  tw inning  mode, s in c e  t h i s
mode occurs i n  s e v e ra l  te c h n o lo g ic a lly  im portan t m e ta ls , e .g .  titan iu m *
3 1 1 3 1 2zlroonium , b e ry lliu m . R u ssian  ’ workers re p o r te d  cracks in  fa tig u e d
tita n iu m  a-j; [1121] ty p e  tw in  in te r f a c e s .  This has been confirm ed by 
314Beev#ers , who found .th a t when tw inning  was in h ib i te d  by h y d rid e  p re -
313c i p i t a t e s , .  th e  f a t ig u e  l i f e  was in c re a se d . Hemp.el a lso  observed
tw inn ing  i n  fa tig u e d  t ita n iu m , b u t t h i s  mode was no t d e te c te d  by Turner
and R o b e r ts ^ ^ .  In  t e n s i l e  t e s t s  th e  tw inn ing  mode i s  l e s s  common as
193a—195th e  g ra in  s iz e  i s  reduced 1 , a lthough  th e  h ig h e r  s t r a i n  r a te s  in
fa tig u e jm ay  favour tw in n in g . The r o le  o f p r e -e x is t in g  tw ins in  f a t ig u e  
specimens has no t been co n sid ered .
The frag m en ta tio n 'O f tw ins and f ila m e n ta ry  grow ths a s s o c ia te d  w ith  
tw in  boundary fa t ig u e  damage have not p re v io u s ly  been re p o r te d . A gain 
i t  seems reaso n ab le  to  r e l a t e  th e  occurrence o f  f ila m e n ta ry  grow ths to  
th e  tw in  boundary d e b ris  g en era ted  by a moving boundary.
There i s  ex ten s iv e  evidence th a t  c y c lic  tw inn ing  may produce 
d e fe c ts  e i th e r  in  th e  p a ren t o r in  th e  tw in . These d e fe c ts  may i n h ib i t
f u r th e r  tw in  boundary d isp lacem en t. P o in t d e fe c ts  may be produced by
103b 36stw inning  bu t a re  u n lik e ly  to  impede th e  boundary . However th e
f a u l t s  observed i n  t h e ‘b a sa l p lane  o f  magnesium a f t e r  untw inning may a r i s e
by condensa tion  o f p o in t d e fe c ts  and th e se  would reduce  th e  boundary
m o b ility .
D is lo c a tio n s -a re  th e  most l ik e ly  o b s ta c le s  to  tw in  boundary movement. 
I t  w i l l  be shown th a t  d is lo c a t io n  in te r a c t io n s  a t  {1012} and {1121} tw in  
in te r f a c e s  can g iv e  r i s e  to  s e v e re ly  jogged d is lo c a t io n s .  These d is lo c a ­
t io n s  w il l  compose th e  d e b ris  a d ja c e n t to  tw in  boundaries du ring  c y c l ic  
tw inn ing  and can produce th e  f ilam e n ta ry  growths, observed by a mechanism 
s im ila r  to  th a t  proposed f o r  s l i p  band e x tru s io n .
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# C onsider th e  tra n s fo rm a tio n  o f Burgers v e c to rs  w hen-j <1120 > i
ty p e  d is lo c a tio n s  e n te r  a (1012) tv /in , as shown in  e q u a tio n s-5*2 -  5 . 4 . j
I n  type  (1) in te r a c t io n  th e  V ector i s  unchanged in  m agnitude and ■ j
d i r e c t io n ,  h u t . i n  type (2 ) in te r a c t io n s  th e  p roduct v e c to rs  a re  not th e  j
normal l a t t i c e  t r a n s la t io n  v e c to rs  and th e  d is lo c a t io n s  w ith  th e se  I
v e c to rs  w i l l  he s e s s i l e  and a s s o c ia te d  w ith  a s ta c k in g  f a u l t .  ;
For (1121) tw inn ing , th e  d is lo c a t io n s  tran sfo rm  accord ing  to  I
equations 6 .1 - 6 .3 .  A ll th e  B urgers v e c to rs  l i e  i n  th e  ^  p lan e  and a re  j
s im ila r  a f t e r  tra n s fo rm a tio n . j
The e f f e c t  o f moving a tw in  boundary th rough  f o r e s t  d is lo c a t io n s  s
may now he examined. .Consider ( 10T2 ) tw inning  and a type ( 1 ) d is lo c a t io n  j
g lid in g  on p a re n t b a sa l  p la n e s . L e t / th e  d is lo c a t io n  ‘have p redom inantly  j
screw  c h a ra c te r ,  w ith  some p a r ts  i n  edge o r ie n ta t io n ,  as shown in  f i g . 7«1» I
A f te r  tv/inning th e  screw p o r tio n  can con tinue  g l id in g  in  th e  b a s a l  p lane  ' j
i n  th e  tw in  ( f i g . 7 *2 ) ;  however th e  edge p o r tio n  w i l l  l i e  in  ( 1210) and j
becomes & jog on th e  g l id in g  d is lo c a t io n .  C onversely any p a re n t screw  I
d is lo c a t io n s  w ith  jog segments, p a r a l l e l ' t o  th e  c -a x is  w i l l  become unjogged j
a f t e r  tw in n in g . The screw segm ents o f  a p a re n t d ip o le  ( th e  d ip o le  is .
dashed i n  f i g . 7» l)  w i l l  g l id e  in  th e  tw in  to  form a c lo sed  loop  ( f ig * 7 «2 ) .  . (\
Thus jogged type  ( 1 ) d is lp c a tio n s  i n  one m a trix  w i l l  g iv e  r i s e  to  d ip o le  I
loops in  th e  o th e r  a f t e r  tw inn ing . Type ( 1 ) d is lo c a t io n  segm ents o f  ■ j
mixed o r ie n ta t io n  a lso  become s e s s i l e  jogs in  th e  tw in . .In com parison j
i n  [1121J  tw in n in g , a l l  edge and screw  d is lo c a t io n s  g l id in g  in  prism  j
p lan es  have th e  same ty p e  B urgers v e c to r  a f t e r  tw in n in g . j
Thus a [10125  tw in  growing th ro u g h  f o r e s t  d is lo c a t io n s  i n  which a l l  j
*1 f
~  <1120> B urgers v e c to rs  a re  e q u a lly  re p re se n te d , w ill 'p ro d u c e  d is lo c a t io n  ;
2 1 id e b ris  co n ta in in g  -j s e s s i l e  d is lo c a t io n s  and y  se v e re ly  jogged g l i s s i l e  j
d is lo c a t io n s  and d ip o le  lo o p s; a [11215 tw in  w ill- produce e n t i r e ly  jogged j
g l i s s i l e  d is lo c a t io n s  and lo o p s . • j
The d ip o le s  a sso c ia te d  w ith  th e  tw in  boundary in  f i g . 3 .12  may now I
be accounted f o r .  . These d ip o le s  a sso c ia te d  w ith  a [10125 tw in  a re  shown j
sch e m a tic a lly  i n  f i g . 7 .3 . Assuming the  d ip o le s  a re  g en era ted  i n  b o th  j
tv /in  and p a re n t and g l id e  to  the  f r e e  s u r fa c e , th e  r e s u l t in g  exfcrusion ;
_ . .■ ■ t
would appear as in  f i g . 7 . 4 . The [1121J tw in  boundary d e b ris  w i l l  produce  ^ [
a s im ila r  r e s u l t ,  th e  exfcrusion emerging p a r a l l e l  to  <{1070j p la n e s .
C le a r ly  i f  the  d e b r is  i s  confined  to  a narrow band and c o n ta in s  a h ig h  j
-  192 -  .* . . r
AO
(oooi)
F ig .7*1 D is lo c a tio n  in  p a re n t g l id in g  in  b a sa l 
p lanes (see  te x t)*
P i g .7*2 A fte r  tw inn ing  on (10?2). D is lo c a tio n  
g lid in g  in . b a sa l p lanes (see  t e x t ) .
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(JoTs) twin boundor'y
[ b o o n  A
Twin
Parent.Dipole loops
F ig .7*3 Form ation o f d is lo c a t io n  d ip o le s  a t  (1012) tw in  
■boundary by d is lo c a t io n  tw in  in te r a c t io n .
[10T0]
Parent
Twin
— P
Twin boundary dam age band
F ig .7 # 4  Form ation o f ' ’‘w hisker” e x tru s io n s  near tw in  
boundary  d u r in g .fa t ig u e  (see  t e x t ) .
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d e n s ity  o f .d ip o le  lo o p s , th e  r e s u l t  w il l  "be a continuous narrow m etal 
f i la m e n t. The w ell developed p la to lo ts  in  [1121} tv/inning in  tita n iu m
compared w ith  th e  fragm ented ones in  {1012} ty/inning can he a t t r ib u te d
1 1 -to  th e  f a c t  th a t  only  y  o f th e  normal y  <1120> type B urgers v e c to r s  can
c o n tr ib u te  to  f ila m e n ts  i n  51012} tw inn ing , whereas th ey  a l l  c o n tr ib u te  
to  f ila m e n t fo rm ation  in  [1.121} tw inn ing .
A lthough th e  f ila m e n ts  w i l l  be m e ta l l ic  when formed, th e y  may 
become converted  to  oxide on exposure to  a i r  and hence g iv e  predom inantly  
ox ide p a t te r n s .  The absence o f f ila m e n ts  in  z in c  a t  room te m p e ra tu re , 
as in  th e  case o f s l i p  band e x tru s io n s , i s  due to  th e  d i f f i c u l t y  in  
r e ta in in g  and moving th e  d ip o le  lo o p s .
Crack n u c le a tio n  a t  tw in  boundaries w i l l  be  analogous to  th e  s l i p  
band c rack in g . When vacancy ty p e  d ip o le s  predom inate, in tr u s io n s  w i l l  
be produced which subsequen tly  g iv e  r i s e  to  c ra c k s .
The frag m en ta tio n  o f [1012} tw ins i s  a t t r ib u te d  to  th e  p inn ing  o f 
tw in  in te r f a c e s  by d is lo c a t io n  d e b r is ,  p a r t i c u la r ly  s e s s i l e  d is lo c a t io n s  
and s ta c k in g  f a u l t s .
162Although P r ic e  fo u n d .ty p e  (2 ) d is lo c a tio n s  were pushed ahead o f
a moving {1OT2} tw in  in te r f a c e  in  z in c , th e re  i s  d i r e c t  evidence th a t
s ta c k in g  f a u l t s  a re  produced by d is lo c a t io n  in te r a c t io n s  a t  {10T2} tw in
in te r f a c e s  in  z i n c ^ ^ ,  m agnesium ^^, tita n iu m  and b e r y l l i u m ^ ^ r  368
S tack ing  fa u lts -  and s e s s i l e  d is lo c a t io n s  could a r i s e  by re a c tio n s  (2 ) and
(3 ) above and they  may w e ll account f o r  th e  h ig h e r  c r i t i c a l  re so lv e d  sh ea r
—  1A Q7
s t r e s s  fo r  b a sa l s l i p  measured w ith in  {1012}.tw ins in  z in c  .
' Consider a [1012} tw in  in te r f a c e  o s c i l l a t i n g  to  and f r o  i n  response
to  a c y c lic  s t r e s s  i . e .  f ix e d  s t r e s s  a x is ,  s t r e s s  changing s ig n .  I f  th e
tw in  in te r f a c e  sweeps th rough  a volume o f c r y s ta l  p re v io u s ly  s lip p e d  i . e .
1 -co n ta in in g  d is lo c a t io n s ,  th e n  c e r ta in  *7 <1120> B urgers v e c to rs  w i l l  t r a n s -  ...
1 —  1 —  form to  y  <1123 > ty p e . Because o f  th e  s e s s i l e  n a tu re  o f th e se  y  <1123 >
d is lo c a t io n s ,  i t  may be more d i f f i c u l t  to  move th e  tw in  in te r f a c e  th ro u g h
reg io n s  c o n ta in in g  such  d is lo c a t io n s ,  e s p e c ia l ly  i f  th e y  a re  a s s o c ia te d
v /ith  s ta c k in g  f a u l t s ^ ^ * ^ ^ .  The r e l a t i v e  amounts o f s l i p  i n  any tw in
m a trix  and in  th e  p a ren t m a trix  has been deduced in  ch ap te rs  5 a*1*3- 6-
During tw in  grow th f a u l t s  a re  expected  to  be produced in  th e  tw in  m a trix
when s l i p  in  th e  p a re n t m a trix  p redom inates, b u t in  th e  p a re n t m a trix
v/lien tw ins untw in a f t e r  s l i p  i n  th e  tw in  m a trix .
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■ When s l i p  i s  eq u a lly  favoured  in  tw in  and p a re n t m a tr ic e s , th e  
d is lo c a t io n  d e n s ity  and hence th e  f a u l t  d e n s ity , on e i th e r  s id e  o f th e  
tw in  boundary, w i l l  be s im i la r .  Thus th e  tv/in  boundary may become 
Immobile.
When th e  d is lo c a t io n  d e n s ity  i s  g re a te r  on one s id e  o f th e  tw in ' 
in te r f a c e  th e  tw in  boundary w i l l  move more r e a d i ly  e i th e r  tow ards th e  
a x is  o f the  tw in  ( f o r  co n d itio n s  c o rre sp o n d in g 'to  tw in  m a trix  s l i p )  o r 
away from th e  tw in  ax is  ( fo r  c o n d itio n s  corresponding  to  p a re n t m a trix  
s l i p ) .  This r a tc h e t  mechanism i s  i l l u s t r a t e d  sch e m a tic a lly  in  f i g . 7.5* 
The p o s i t io n s  a re  shown o f  a tw in  in te r f a c e  corresponding  to  th e
f i r s t  2j- cy c les  o f s t r e s s .  A tw in  boundary AB. i s  assumed to  be p inned
’ /  *
by o b s ta c le s  i n  th e  p a ren t m a trix  a t  X^ and in  th e  tw in  m a trix  a t  X^, 
f i g . ® h e f i r s t  £  cy c le  o f  s t r e s s ,  fav o u rin g  tw in  grow th, causes 
th e  unpinned segments o f th e  tw in  boundary to  bow outw ards, f i g . 7*5^, 
th e  lo c a l  d isp lacem en ts  o f th e  tw in  in te r f a c e  a re  accommodated by k in k  
b o u n d a rie s . The re v e rse  ■§■ c y c le , fav o u rin g  un tw inn ing , causes the  
rem aining unpinned segments to  bow in  th e  o p p o s ite  d i r e c t io n ,  fig .7 * 5 c$  
and accommodation k inks o f o p p o s ite  s ig n  to  be n u c le a te d . I t  i s  assumed 
. th a t  th e  h ig h  d e n s ity  o f d e fe c ts  produced behind moving tw in  in te r f a c e s  
(shaded a reas  in  f ig .7 » 5 * )wi H  p reven t th e  r e v e r s a l  o f th e se  boundary 
d isp lacem en ts . „ Thus su cce ss iv e  s t r e s s  cy c le s  w i l l  accentuate^ th e  
boundary d isp lacem en ts , ( f i g . 7*5^) u n t i l  th e  maximum degree o f  incoherency  
i s  reach ed , when th e  in co h eren t in te r f a c e s  w i l l  n u c lea te  tw ins In  e i th e r  
undamaged tw in  m a trix  (T^) o r  undamaged p a re n t m a trix  (T^) as  in  f ig .7 * 5 c * 
R e p e tit io n  o f th e  above sequence w i l l  le ad  to  frag m e n ta tio n  proceed ing  
from th e  o r ig in a l  tw in  in te r f a c e  e i th e r  tow ards th e  c e n tre  of th e  tw in  
( i f  T.j ty p e  tw ins predom inate) o r away from th e  c e n tre  o f th e  tw in  ( i f  
Tr type  tw ins p redom inate).
The above model i s  a p p lic a b le  to  c y c l ic  tw inn ing  in  any c r y s t a l  
l a t t i c e  prov ided  th e  m a trix  i s  s u f f i c i e n t ly  p l a s t i c .
Although a t  low c y c lic  s t r e s s e s  frag m en ta tio n  can proceed in  e i th e r  
d i r e c t io n  from th e  tw in  in te r f a c e ,  norm ally frag m en ta tio n  i s  co n fin ed  to  
p re -e x is t in g  tw inned crystal*. T his could  be due to  th e  g r e a te r  tendency 
fo r  s l i p  to  occur w ith in  th e  tw in  m a trix  and hence more damage to  be 
produced ( in  th e  p a re n t m a trix ) du ring  untw inning  th a n  i s  produced ( in  
th e  tw in  m a trix )  du ring  .twin g row th .’ . This accoun ts  fo r  th e  g r e a te r  s t r e s s
' . ;  - ■• . . ■'
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Schem atic i l l u s t r a t i o n  o f th e  e f f e c t  o f c y c l ic  s t r e s s e s  on 
a tw in  in te r f a c e  in  magnesium.
(a) i n i t i a l  tw in  boundary p o s i t io n  AB? in  b a sa l p lane  s u r fa c e
(b) a f t e r  J  s t r e s s  cy cle  fav o u rin g  tw in  grow th
(c) a f t e r  -J- s t r e s s  cycle  favouring  untw inning
A +ve and -v e  s ig n  denotes accommodation o f su rfa c e  e le v a tio n  and 
su rfa ce  d ep ress io n  re s p e c tiv e ly
(d) a f t e r  2f- s t r e s s  cy c les
(e) tw in  n u c lea tio n  a t  in co h eren t tw in  in te r f a c e s
( f )  p a r t i a l  untw inning and p ro g re ss iv e  frag m en ta tio n  tow ards th e
c en tre  .of th e  tw in
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re q u ire d  f o r  untw inning  th an  fo r  tw in  growth in  th e  sim ple case o f  grow th 
fo llow ed  by c o n tra c t io n , e .g .  in  magnesium*^2? titan iu m '2*^0 and i ro n 2*^.
• However, i t  fo llo w s th a t  th e  s t r e s s  to  grow a tw in  a f t e r  untv/inning i s  
l i k e ly  to  he g r e a te r  th an  th e  untv/inning s t r e s s  and p ro g re ss iv e  untw inning 
i s  favou red . Thus i 'n ■ f i g • 7• growth segm ents, X, can re v e rs e  w hile
th e  untw inning segments T w i l l  tend  to  p e n e tra te  more deep ly  in to  th e  tw in
( f i g .7 .5 f ) .
The p o s s ib le  e f f e c t  o f  o r ie n ta t io n  on c y c lic  tw inning may now he 
examined in  some d e t a i l  fo r  {1.072] and [1121] tw inn ing  and u s in g  th e  d a ta  
in  ch ap te rs  5 and 6.
Consider {I072j tw inning and a c r y s ta l  o r ie n te d  w ith  th e  s t r e s s  ax is  
in  (1100) and w ith in  re g io n  in  f i g . 5 .3 . Prism  s l i p  i s  assumed to  be 
th e  a c tiv e  s l i p  mode. I f  a com pressive s t r e s s  i s  ap p lied  ( f i g . 7 . 6 a ) , 
tv/ins 1, 2 , 4 and 5 a re  n u c le a te d , hu t s l i p  predom inates in  th e  p a ren t . 
m a trix  ( f i g . 7 . 6 b ). When th e  s t r e s s  i s  re v e rse d , tw ins 3 and 6 n u c le a te  
and s l i p  occurs in  th e se  tw in sj tw ins 1, 2 , 4 and 5 c o n tra c t ( f ig .7 « ^ c )«
I n  fi'g*7*6d th e  s t r e s s  ag a in  becomes com pressive. How tw ins 1, 2 , 4  and 
5 grow and t h e i r  tw in  in te r f a c e s  sweep th rough  p a ren t c ry s ta l  c o n ta in in g  
d is lo c a t io n s ,  which a re  transfo rm ed  to  s e s s i l e  d is lo c a t io n  d e b r is  in  th e  
tv /in  m a tr ic e s . S im i la r ly , . tw ins 3 and 6 c o n tra c t and d is lo c a t io n  d e b ris  
i s  produced in  th e  p a ren t m a tr ix . F u r th e r  t e n s i l e  s t r e s s in g  (fig * 7 * 6 e) 
has l i t t l e  e f f e c t  on th e  p o s i t io n  of th e  tw in  in te r f a c e s ,  which a re  pinned 
by th e  d is lo c a t io n  d e b r is .  However com pressive s t r e s s e s  w i l l  cause tw in  
in te r f a c e  movement j tw ins 1, 2 , 4  and 5 becoming p ro g re s s iv e ly  w ider and 
tw ins 3 and 6 becoming p ro g re s s iv e ly  narrow er ( f ig .7 * 6 f ) .  I n  th e s e  l a s t  
two tv /in s , c rack  n u c le a tio n  during  fa t ig u e  s t r e s s in g  may be acc e n tu a te d  
by p r e f e r e n t ia l  s l i p  in  th e se  tw in s .
A s im ila r  sequence,can. occur fo r  {1121j tw in n in g . For exam ple, 
co n sid e r a s t r e s s  ax is  i n  re g io n  and (1100) o f •phe s tan d a rd  t r i a n g l e  
on f i g .6 .3 .  Twins 3 , 4  and 5 grow under com pression an d 'tw in s  1, 2 , 6 
under te n s io n . The diagram i n  f i g . 7-6 th e re fo re  d e sc r ib e s  th e  b eh av io u r 
o f th e se  tw ins s in c e  th e  r e l a t i v e  s l i p  i s  g r e a te r  in  th e  p a re n t fo r  th e  
35 4 , 5 tw in  system s and in  th e  tw in  f o r  1, 2 , 6 tw in  system s.
7 .1 .3  S tack ing  F a u lts  A sso c ia ted  w ith  D eform ation Twins
I t  has been shown th a t  s ta c k in g  f a u l t s  a re  observed on ly  a s s o c ia te d  
w ith  tw ins in  deformed una lloyed  p o ly c ry s ta l l in e  magnesium and t i ta n iu m .
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F I G .  7 . 6  Schem atic diagram i l l u s t r a t i n g  the  e f f e c t  o f o r ie n ta t io n  on 
th e  behaviour o f [1012] tw ins under c y c lic  s t r e s s  c o n d itio n s . 
The s t r e s s  ax is  l i e s  in  (1100) and re g io n  o f fig*5»3« 
Prism  s l i p  p redom inates.
— — s l i pped reg io n s  /v V  re g io n  co n ta in in g  
---------------  d is lo c a t io n  d e b r is .
Furtherm ore, on ly  f a u l t s  on "basal p lan es  w ere.found in  magnesium, whereas 
f a u l t s  on non -basal p lanes were f re q u e n tly  observed in  ti ta n iu m . Such 
f a u l t s  a re  l i k e ly  to  a c t as h a r r i e r s  to  th e  movement o f tw in  in te r f a c e s  
' when c y c lic  tw inn ing  occurs and i t  i s  a p p ro p ria te  here, to  b r i e f l y  d iscu ss  
th e  o r ig in s  o f  th e se  f a u l t s .
S e v e ra l 'd is lo c a t io n  d is s o c ia t io n  sequences a re  p o s s ib le , which 
could e x p la in  th e  experim ental observations*  For example, co n sid e r
w—
eq u a tio n  (5*8), re p re se n tin g  two -j<2110>  ty p e  2 d is lo c a tio n s  im pinging 
on" a coherent (1012 )tw in  in te r f a c e .  T his i s  shown sch e m a tic a lly  f o r  
th e  b a sa l s l i p  in  fig*5*13. The <c+a> d is lo c a t io n  ly in g  along [1210 ] 
in  th e  tw in  boundary can d is s o c ia te  according  to  equations 11 and 14 , 
Chapter 1. A Schockley p a r t i a l  may th en  g l id e  in  th e  b a s a l  p lan e  i n  th e  
tw in  to  produce' a s ta c k in g  f a u l t .
. The prism  s l i p  i s  more complex (fig.5*1.4)* The < c+a> d is lo c a t io n  
may g l id e  in  (1212) u n t i l  i t  in t e r s e c t s  th e  b a s a l  p lane  along [T010].' 
D is so c ia tio n  may th e n  occur acco rd ing  to  eq u ations -11, 14 and 18, C hapter 1 
to  produce s ta c k in g  f a u l t s  i n  th e  b a sa l and (1210) p la n e s . A nother 
p o s s ib i l i t y  i s  t h a t  th e  <c+a> d is lo c a t io n  in  th e  tw in  boundary d is s o c ia te s  
a t  th e  tw in  boundary accord ing  to  eq u atio n  17 ,  to  produce a f a u l t  i n  (1212) 
f i g . 5*14’ e -£* '
■ J  [1213} ■» ^  [0223] + j  [2203]
One o f th e se  p a r t i a l s  may th en  d is s o c ia te  fu r th e r : - .
[2203] •> i  [ 1 0 1 0 ]  +  j  [0223] ( 7 . 1 )
A
The ~  [toTo] p a r t i a l  can g l id e  and produce a f a u l t  i n  th e  b a s a l  p la n e .
The evidence su g g es ts  t h a t  th e  f a u l t s  a r i s e  a t  th e  tw in  in te r f a c e s ,  and 
so t h i s  l a t t e r  r e a c t io n  seems most l ik e ly  f o r  th e  prism  s l i p  ca se .
I t  i s  in te r e s t in g  to  no te  t h a t  th e  above d is s o c ia t io n  o f  th e  < c+a > 
d is lo c a t io n  can a ls o  occur in  J|121} tw in s , .However s in c e  th e  — <1.120 > 
product d is lo c a tio n s  l i e  in  JlTOO } p lan es  fo r  t h i s  tw in  system , f a u l t s  
i n  {iTooj a re  a lso  p o s s ib le  by re a c t io n s  15 o r  16 in  C hapter 1.
The d is lo c a t io n  e n e rg ie s  invo lved  favour th e  above in t e r a c t io n s , '  
excep ting  th a t  in  eq u atio n  7*1* However th e  f a u l t  energy i s  expected  
* to  be lower i n  th e  b a sa l th an  in  th e  no n -b asa l p la n e .
7*2 D u c t i l i ty  o f E .C .P . M etals
The p re sen t r e s u l t s  in d ic a te  th a t  [ l 1 2 l ]  tw ins can he re sp o n s ib le
f o r  th e  n u c le a tio n  o f  <c+a> s l i p  when prism  s l i p  o ccu rs . The pyram idal
s l i p  system  may. have a Schmid f a c to r  when n u c lea ted  which i s  g r e a te r  th an  
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t h a t  f o r  any y<1.120> prism  s l i p  system  in  e i th e r  tw in  o r paren t*  For 
a g iven  [1121] tw in , tw o -th ird s  o f a l l  th e  ■j <1120 > d is lo c a tio n s  can 
n u c le a te  <c+a> s l i p .  P r e - e x is t in g  tw ins w i l l  he p a r t i c u la r ly  b e n e f ic ia l  
in  t h i s  r e s p e c t .
These r e s u l t s  may be compared w ith  th o se  ob ta ined  f o r  £1CT2 
tw inning  ( C hapter 5)* Both b a s a l  and prism  s l i p  can n u c le a te  <c*a> 
s l i p  a t  [10T2 I tw in  in te r f a c e s  b u t on ly  prism  s l i p  was a b le  to  n u c le a te
s l i p  on th e  [1122] p la n es , which i s  th e  p re fe r re d  s l i p  p la n e . A gain
1 — , .tw o -th ird s  o f th e  y <  1120> d is lo c a t io n s  can n u c le a te  < c+ a> s l i p ,  b u t th e
d is lo c a tio n s  a re  re q u ire d  to  impinge on th e  tw in  boundary i n  p a i r s .
I t  i s  c le a r  th e re fo re  t h a t  < c + a > s l ip  i s  b e s t  n u c lea ted  when prism
s l i p  occurs and when [1121] tw inn ing  o ccu rs . T his i s  s ig n i f ic a n t  in
view  o f th e  e x c e lle n t d u c t i l i t y  o f t i ta n iu m  p a r t i c u la r ly  a t  c ryogen ic
tem p era tu res  when h ig h  tw in  d e n s i t ie s  occur (C hapter 1 .V III ') . The good
d u c t i l i t y  o f  t h i s  m etal in  the  hexagonal form has not been a d eq u a te ly  •
accounted fo r  in  term s o f th e  norm ally observed s l i p  modes, which a re
b a sa l and prism  s l i p  in  <1120> d i r e c t io n s ,  to g e th e r  w ith  tw inn ing  on [1012]
and [1121] p la n e s , and to  a l e s s e r  e x te n t on [1122]. The -r*< 1120> B urgers
* 20 !v e c to r  cannot a lone  produce f iv e  independent s l i p  modes. Hocks and W estlake' 
concluded th a t  t h i s  paradox e x is te d  in  o th e r h . c .p .  m e ta ls . They were- 
th e re fo re  fo rce d  to  conclude th a t  tw inning  modes must be -counted as 
independent defo rm ation  modes. However th e  l im ite d  sh ea r s t r a i n  a t t r i b u ­
ta b le  to  tw inn ing , due to  th e  low tw in  volume f r a c t io n ,  and th e  p o la r i ty  
o f  th e  s h e a r , argues a g a in s t t h i s  ex p lan a tio n  o f th e  d u c t i l i t y .  Re­
o r ie n ta t io n  o f  th e  p a re n t c r y s ta l  by tw inning may allow  s l i p  to  occur more 
r e a d i ly ,  b u t s l i p  w ith in  th e  tw inned volume must a lso  s a t i s f y  th e  above 
5 independent s l i p  modes c r i t e r io n  to  m a in ta in  c o m p a tib il i ty  a t  c r y s ta l  
in te r f a c e s ,  a s 'P o in te d  out by Hocks and W estlake.
The c o n f l ic t in g  d a ta  can c l e a r ly  be re c o n c ile d  i f  th e  r e a c t io n s  a t  . 
tw in  boundaries can g iv e  r i s e  to  < c + a > s l ip .  This a sp ec t has not h i th e r to
been c o n sid e red . D irec t experim ental evidence fo r  <c+a> s l i p  n u c lea te d
3 66a t  [10T2] tw in  boundaries has been o b ta ined  by B evis And Tom sett 
Furtherm ore i t  i s  found ex p erim en ta lly  t h a t  [1121] tw ins enhance th e ..
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d u c t i l i t y  o f  t i t ani um**^’ and z i r c o n i u m ^ 2 * D is lo c a tio n s  w ith
<c*ha> Burgers v e c to rs  have boon id e n t i f i e d  in  p o ly c ry s ta l l in e  ti ta n iu m
370 259By B lackburn w hile  more re c e n t ly  some c a re fu l  experim ents by Cass
have shown <c+a> d is lo c a tio n s  a s s o c ia te d  w ith  [1121] tw ins in  t i ta n iu m
s in g le  c r y s t a l s .  The d is lo c a t io n s  appeared t o . l i e  in  [lO T lj p la n e s .
T his i s  th e  most d i r e c t  evidence f o r  type (2 ) d is lo c a tio n s  g l id in g  i n
p rism  p lanes r e a c t in g  w ith  {1121 ] tw ins to  produce < c±a> s l i p ,  as
d esc rib ed  in  p a ra . 6 .6 .2 .
Twinning p lay s  an im portan t r o le  in  th e  development o f  te x tu re s  in
b o th  t i t ani um2^2 5 and z irc o n iu m ^ ’ *^31 An im portan t co n c lu sio n
drawn from th e  s tu d y  o f te x tu re s  in  th e se  m a te r ia ls  i s  th a t  th e  norm ally
38observed s l i p  and tw in  system s cannot account f o r  th e  observed te x tu re s  .
. ' 38However th e  te x tu re s  can be accounted fo r  in  term s o f  < c + a > s l ip  , which
ag a in  i s  c o n s is te n t  w ith  th e  n u c le a tio n  o f < c + a > s l ip  by tw in s .
Since, p r e -e x is t in g  tw ins a re  l ik e ly  to  be e f f e c t iv e  in  n u c le a tin g
< c + a > s i ip ,  i t  i s  p o s s ib le  th a t  th e  s e le c t io n  o f a s u i ta b le  te x tu r e  to%
cause ex ten s iv e  tw inn ing  during  f a b r ic a t io n  would produce a m a te r ia l  w ith  
improved d u c t i l i t y .  Some evidence f o r  t h i s  e f f e c t  in  zirconium  has been  
re p o r te d 2*^. ' •
O ther experim en tal o b se rv a tio n s , no t h i th e r to  adequate ly  ex p la in ed ,
may be accounted fo r  in  term s o f d is lo c a t io n / tw in  in te r a c t io n s .  The
— > 98 374fac,t th a t  {1122i s l i p  tr a c e s  in  z irco n iu n r and magnesium ■ were
a s so c ia te d  w ith  tw ins fo r  example and th e  in c re a se d  d u c t i l i t y  o*f magnesium
1 8 2a llo y e d  w ith  li th iu m  . A llo y in g  does no t a f f e c t  th e  tw in  d e n s ity  b u t 
causes ex ten s iv e  prism  s l i p .  This i s  more l i k e l y  to  n u c le a te  [ 1122]
<1123> s l i p  a t  tw in  in te r f a c e s  th a n  b a sa l s l i p  which predom inates i n  
u n a llo y ed  magnesium. ,
A s im ila r  argument could be ap p lied  to  b e ry lliu m . At room 
tem p eratu re  b a sa l s l i p  and [101*2 ] tw inning  a re  th e  predom inant d e fo rm ation
,mod§s and th e  m eta l i s  b r i t t l e .  At e lev a te d  tem pera tu res prism  s l i p
*  1 —  *system s a lso  o p e ra te  and ■— <1123 > type d is lo c a t io n s  a re  d e te c te d  and th e
J 202bm a te r ia l  becomes d u c t i le  * However i n  t h i s  m etal th e  poor low
tem peratu re  d u c t i l i t y  i s  a ccen tu a ted  by th e  low b a s a l  p lane  c leavage
s t r e s s  . A n iso tro p ic  e l a s t i c i t y  th e o ry  does no t appear to  account
375f o r  th e  a c t iv e  s l i p  system s i n  b e ry lliu m  ■ . A gain the observed te x tu re s  
i n  b e ry lliu m  can on ly  be s a t i s f a c t o r i l y  exp la ined  i f < c+a> s l i p  i s  a c t i v l  .
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1 ~F u rth e r in d i r e c t  evidence f o r  th e  n u c le a tio n  o f  y  <1123>type 
d is lo c a tio n s  a t  {1012 ] tw in  in te r f a c e s  i s  provided  by H a r tt  and Reed-
0*7/- _
H i l l  . I n  a s tu d y  o f th e  [3034] tv/inning mode in  magnesium th e y  
■1
concluded th a t  y  <1123> type  d is lo c a tio n s  a re  n ecessa ry  f o r  th e  p l a s t i c
.accommodation i n  th e  v i c in i ty  o f th e  tw in  boundary. .This tw inn ing
-  37mode in v o lv es  second o rd er tw inn ing  on £1072], Wonsiewicz. and Backofen
confirm ed th a t  enhanced d u c t i l i t y  i s  a s so c ia te d  w ith  s l i p  w ith in  th e
m a trix  o f {3034 I tw ins in  magnesium s in g le  c r y s ta l s .
S lip  on th e  pyram idal system  may a lso  be d i f f i c u l t  to  n u c lea te  and
tw ins may f a c i l i t a t e  th i s  p ro c e ss . Furtherm ore tw ins f r e q u e n tly  occur
in  lo c a l  reg io n s  o f h ig h  s t r e s s  c o n c e n tra tio n . I t  i s  under th e se
co n d itio n s  th a t  <c+a> s l i p  m ight be expected to  have a  p a r t i c u la r ly
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b e n e f ic ia l  e f f e c t  on d u c t i l i t y .  A lthough y  <1123> type d is lo c a t io n s
may be n u c lea ted  a t  tw in  in te r f a c e s ,  th e  sh ea r s t r e s s  re q u ire d  to  move
tbem in  t h e i r  g l id e  p lanes i s  expected  to  be much g r e a te r  th a n  th a t  
1 -re q u ire d  to  move y  <1120 > type d is lo c a t io n s .
In  s p i t e  o f t h i s  f a c t ,  <c+a> s l i p  i s  found in  cadmium and z in c . 
A ccording to  a n is o tro p ic  e l a s t i c i t y  th eo ry  <c+a> s l i p  should  be no 
moro d i f f i c u l t  in  magnesium, t i ta n iu m  and z irconium . The la c k  o f  o p t ic a l  
evidence fo r  <c+a> s l i p  i s  probab ly  due to  th e  d i f f i c u l t y  i n  unam biguously 
id e n t i fy in g  t h i s  s l i p  system  in  a p o ly c ry s ta l  .by t r a c e  a n a ly s is ,  s in c e  
b o th  prism  and b a s a l  s l i p  t r a c e s  may be p re se n t in  a h e a v ily  .twinned 
s t r u c tu r e .  I n  z irc o n iu m ^  and m agnesium ^^ {1122J s l i p  t r a c e s  have been 
re p o r te d f  they  cannot a r i s e  by s l i p  in  <1120> d ir e c t io n s  and so i t  may 
be t e n ta t iv e ly  concluded th a t  s l i p  in  <1123> d ir e c t io n s  d id  occur i n  
th e se  experim en ts. • '
I t  i s  concluded th a t  th e  d u c t i l i t y  o f  t i ta n iu m  and o th e r  h .c .p .  
m eta ls  may be a t t r ib u te d  to  < c+ a> ty p e  d is lo c a t io n s  n u c lea ted  a t  tw in  
in te r f a c e s .  I t  i s  th en  p o s s ib le  to  e x p la in  th e  g re a te r  d u c t i l i t y  o f  
m eta ls  which s l i p  i n  prism  p lan es  and tw in  on [1121] p la n e s . The 
experim en tal ev idence a v a ila b le  i s  c o n s is te n t w ith  t h i s  e x p la n a tio n  o f 
th e  d u c t i l i t y .
7.3- F u tu re  Work
In  th e  co n c lu sio n s  i n  C hapter 1 s e v e ra l  to p ic s  in  th e  f i e l d  o f  
deform ation  o f  h .c .p .  m etals  were proposed as s u i ta b le  fo r  f u r th e r  s tu d y . 
More s p e c i f ic  p ro p o sa ls  can now be made based upon th e  p re se n t r e s e a rc h .
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The o b serv a tio n s  made on tw ins in  u n id ir e c t io n a l ly  and c y c l ic ly  
deformed m eta ls  have shown th a t  d is lo c a t io n s  and s tac k in g  f a u l t s  a re  
produced by in te r a c t io n s  a t  tw in  b o u n d arie s . The n a tu re  o f th e se  f a u l t s  
and .the d is lo c a t io n s  composing th e  d e b ris  shou ld  now be de term ined . A 
comparison may then  be made, w ith  th e  model proposed f o r  th e  fo rm atio n  o f  
tw in  boundary f ila m e n ta ry  grow th and fa t ig u e  c rack  n u c le a tio n  in  tw in  
b o u n d a rie s . I t  would a lso  be in te r e s t in g  to  know whether s im i la r  e f f e c ts  
occur a t  tw in  in te r f a c e s  in  o th e r  m a te r ia ls  e .g .  antim ony, b ism uth  and 
b . c . c .  m e ta ls . ,
E levated  tem p era tu re  f a t ig u e  t e s t s  on z inc  and sodium c h lo r id e  
would a lso  p rov ide  in fo rm a tio n  on th e  e f f e c t  o f c r o s s - s l ip  on th e  d e fe c t 
s t r u c tu r e s  in  th e se  m a te r ia ls  as compared w ith  z in c , magnesium and s i l v e r  
c h lo rid e  a t  room tem p era tu re .
I t  has been shown th a t  tw in  frag m en ta tio n  and tw in  boundary c rack in g ’ 
may occur during  a fa t ig u e  t e s t .  S ince tw ins may enhance t e n s i l e  d u c t i l i t y ,  
i t  i s  im portan t to  know w hether p re -e x is t in g  tw ins in  a cold  worked 
s t r u c tu r e  o r i n  a f in e  g ra in ed  m a te ria l, a re  d e tr im e n ta l under f a t ig u e  
c o n d itio n s .
C learly  more d e f in i t iv e  experim ents can be dev ised  to  determ ine 
w hether th e  ro le  o f tw ins in  th e  d u c t i l i t y  o f  h .c .p .  m eta ls  i s  t h a t  suggested  
in  th i s  t h e s i s .  ; D e lib e ra te  p ro d u c tio n  o f a tw inned m ic ro s tru c tu re  p r io r  
to  t e n s i l e  t e s t in g  should be in fo rm a tiv e , p a r t i c u la r ly  i f  th e  m a te r ia l  i s  
a lso  cold  worked o r has a f in e  g r a in  s iz e .  E xp losive  form ing m ight be 
e x p ec te d ;to  be e s p e c ia l ly  e f f e c t iv e  i n  in tro d u c in g  tw in s .
The e f f e c t s  o f tw inning a re  l i k e ly  to  be g r e a te s t  in  m e ta ls  e x h ib it in g  
prism  s l i p  and [1121 ] tw inning e .g*  tita n iu m  and z irconium . However 
s ig n i f ic a n t  e f f e c t s  may be o b ta in ed  in  b e ry lliu m  tw inned on {1012] p lanes 
and deformed in  th e  tem peratu re  range where prism  s l i p  i s  o p e ra tiv e  and in  
magnesium a llo y e d  w ith  s u f f ic ie n t  l i th iu m  to  promote prism  s l i p .
♦ The f i r s t  a ttem p t a t  d e f in in g  th e  r e l a t i v e  im portance o f  d i f f e r e n t  
tw in  and s l i p  system s in  th e  defo rm ation  o f an h .c .p .  m etal was made by 
P ro fe sso r  R eed -H ill working w ith  z irconium . I n  th e  p re se n t r e s e a rc h  an 
a ttem p t has been made to  m easure th e  e f f e c t  o f  tw inn ing  on b o th  th e  ease 
o f  prim ary s l i p  and on the  ease  o f  < c + a > s l ip .  I t  i s  suggested  th a t  a 
computer programme m ight now be developed fo r  c a lc u la t in g ,  f o r  any s t r e s s  
a x is ,  th e  Schmid f a c to r  v a lu es  f o r  prim ary and secondary s l i p  and tw in  
systems* This might g ive  a b e t t e r  in d ic a t io n  o f th e  ro le  o f tv /inn ing  in
th e  deform ation  o f hoC .p0 m eta ls  and p o s s ib ly  in d ic a te  th e  b e s t 
te x tu re  fo r  a s p e c i f ic  component made from a p a r t i c u la r  h 0c 0po m e ta l.
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CHAPTER 8
C onclusions
In  p o ly c ry s ta l l in e  magnesium and tita n iu m  d is lo c a tio n s  a re  confined  
predom inantly  to  t h e i r  s l i p  p lan es  ,a t low s t r e s s e s  and sm all d ip o le s  and 
loops a re  produced "by jogs on screw  d is lo c a t io n s . P o ly g o n isa tio n  Begins
in  t i ta n iu m  a f t e r  15$ s t r a i n  and i s  w e ll developed a f t e r  2$fo s t r a i n .
B asal p lane  s tac k in g  f a u l t s  a re  found a sso c ia te d  ? /ith  {1012S tw ins in  
magnesium and tita n iu m  and in  th e  l a t t e r  f a u l t s  a re  found in  non-B asal 
p la n e s . F a u lts  i n  {1121 ] tw ins were a ls o  d e te c te d . A h ig h  d is lo c a t io n  
d e n s ity  i s  a lso  found in  tw ins a d jac e n t to  tw in  in te r f a c e s .  This deB ris 
. i s  B elieved  to  a r i s e  from in te r a c t io n s  Between g l i s s i l e  d is lo c a t io n s  and 
moving tw in  in te r f a c e s .
Examples o f non-uniform  tw in  Boundary d isp lacem ents have Been found 
i n  magnesium and ti ta n iu m  during  Both tw in  growth, and co n trac tio n *  
D is lo c a tio n  deB ris i s  produced in  th e  p a ren t d u ring  un tw inning . Moving 
tw in  in te r f a c e s  co n ta in in g  lo c a l  in co h eren t tw in  Boundary reg io n s  may 
g e n e ra te  im p e rfec tio n s  in  th e  form  o f m icrotw ins and t i l t '  B oundaries in  
e i th e r  th e  tw in  o r  p a ren t m a tr ix . .Surface oxide p a r t i c l e s  on magnesium 
m arkedly a f f e c t  th e  Behaviour of tw in  B oundaries a t  a f r e e  s u r fa c e .
The f i r s t  ev idence fo r  s l i p  Band e x tru s io n  in  fa tig u e d  h .c .p .  m eta ls  
h as Been oB tained . The e x tru s io n s  a re  produced i n  cadmium? magnesium and 
titan iu m ? But were not found in  z in c . C yclic s t r e s s e s  caused e x tru s io n s  
to  form p r e f e r e n t i a l ly  i n  reg io n s  o f c ry s ta l  p re v io u s ly  tw inned and 
untw inned. A q u a l i t a t iv e  model Based upon th e  g l id e  o f d is lo c a t io n  
d ip o le s  and loops i s  proposed to  e x p la in  th e  fo rm atio n  and d i s t r i b u t io n  
o f  th e  e x tru s io n s .
In  fa tig u e d  specimens p l a s t i c  deform ation  i s  accen tu a ted  a t  p re ­
e x is t in g  tw in  in te r fa c e s ?  which su b sequen tly  Become s e r r a te d .  .S u itab ly
• o f ie n te d  tw ins B reak up in to  sm aller, i r r e g u la r ly  shaped tw in  frag m en ts .*
F a tig u e  or " a re  n u c lea ted  in  tw in  fragm ent in te r f a c e s  B efore 25^ o f 
th e  fa t ig u e  i r i v  has e lap sed . * A fila m e n ta ry  w hisker grow th phenomenon 
has Been observed a t  {101*2 j tw in  in te r f a c e s  in  cadmium and magnesium and 
{1121 } tw in  in te r f a c e s  in  ti ta n iu m  during  fa t ig u e .-  T h e .fo rm atio n  of 
th e se  w hiskers and c rack  n u c le a tio n  in  tw in  B oundaries i s  accounted  fo r  
i n  terms o f th e  d is lo c a t io n  deB ris gen era ted  By c y c l ic  tw in n in g . This 
deB ris can a lso  cause th e  o b se rv ed 'fra g m e n ta tio n  o f  tw in s .
-  2 0 6  -
t An attem pt lias /been made to  determ ine th e  r o le  o f tw inning  in  
h .c .p .  m etals  u s in g  a re so lv ed  sh ea r s t r e s s  c r i t e r io n  to  measure th e  
r e l a t i v e  ease o f s l i p  and tw inn ing . For th e  s t r e s s  axes co n sid ered  
and f o r  p re -e x is t in g  tw ins? i t  I s  concluded th a t  prism  s l i p  i s  favoured 
by {1012} tw ins? w hile  {1121j tw ins favou r b o th  b a sa l and prism  s l i p .
When tw ins n u c le a te  under s t r e s s ?  prism  s l i p  i s  favoured by 11012 J 
tw inn ing  whereas e i th e r  b a sa l  or prism  s l i p  may be enhanced by {1121 } 
tw inn ing . D is lo c a tio n  in te r a c t io n s  a t  tw in  boundaries may be re sp o n s ib le  
fo r  n u c le a tin g  < c-fa > s l i p .  Prism  s l i p  I s  l i k e ly  to  be most e f f e c t iv e  in  
n u c le a tin g  < c+ a> s l i p  a t  {1012] and {1121] tw in  in te r fa c e s ?  and th e  
p re fe r re d  tw in  system  i s  {1121], .This su g g ests  th a t  th e  d u c t i l i t y  o f  
p o ly c ry s ta l l in e  h .c .p .  m eta ls  may be,-improved by th e  p resence  o f tw in s .
APPSEDIX 1 
P re p a ra tio n  o f Thin F o ils  o f Titanium  
. f o r  T ransm ission  E le c tro n  M icroscopy
A*1.1 In tro d u c tio n  •
There i s  a dearth , o f  in fo rm a tio n  on th e  p re p a ra t io n  o f t h in  f o i l s  o f
11 68tita n iu m  from  th e  h u lk  m eta l 9 . The tech n iq u es  re p o rte d  in  th e  l i t e r a ­
tu r e  a re  summarised in  Table A*1.
I n  pure t i ta n iu m  chem ical p o lish in g  p r e f e r e n t i a l ly  a t ta c k s  g ra in  
and tw in  bou n d aries  and can le ad  to  hydrogen pick-up* With t i ta n iu m  a llo y s  
sev e re  e tch in g  may occur due to  d i f f e r in g  r a te s  o f a t ta c k  o f  d i f f e r e n t  
phases p re s e n t .
r, 1
• /  None o f  th e  e le c tro p o l is h in g  tech n iq u es  which have been d e sc rib e d  
a re  com pletely  s a t i s f a c to ry ?  because a ten ac io u s  oxide f i lm  can develop 
which i s  d i f f i c u l t  to  remove.
tech n iq u e  was developed which avoided b o th  hydrogen con tam ination  
and su rfa c e  o x id a tio n  and p erm its  la rg e  a re as  to  be p o lish ed  u n ifo rm ly  and 
w ithou t d e fo rm ation . I t  has been s u c c e s s fu lly  a p p lie d  to  th e  p re p a ra t io n  
o f th in  f o i l s  o f com plex-titan ium  a llo y s  as w e ll as th o se  o f  pure  ti ta n iu m  
and s in g le  phase a, a l lo y s .
A .1 .2  Experim ental Technique
The specim ens were i n i t i a l l y  sheet?  l / l 6 ,t th ic k  (ch em ica lly  th in n ed  
o r m echan ica lly  ground to  th e  s t a r t i n g  th ic k n e s s )  and p ro te c te d  w ith  la cq u e r 
except f o r  th e  a re a  to  be th in n e d .
I n  o rd e r to  avoid th e  fo rm atio n  o f  su rfa c e  oxide film s  i t  was found 
to  be e s s e n t ia l  to  s e v e re ly  a g i ta te  th e  e le c t r o ly te  i p  c o n ta c t w ith  th e  
specim en su rface .. This was done by d i r e c t in g  submerged j e t s  o f e l e c t r o ly te  
a t  each face  o f  th e  specimen as shown in  F ig .A . 1 .1 . The j e t s  were d isposed  
sym m etrically  on e i t h e r  s id e  o f th e  specimen b u t a t  an  ang le  o f ~ 30° to  th e  
s u r fa c e . T his allow ed th e  u se  o f double cathodes each c o n s is t in g  o f  a  
sm all secondary  s t a i n le s s  s t e e l  cathode c lo se  to  th e  specimen backed w ith  
a la rg e r  p la te  cathode to  which i t  was connected in  p a r a l l e l .  T his 
arrangem ent le sse n ed  p r e f e r e n t ia l  p o lish in g  a t  th e  edge o f th e  p ro te c t iv e  
lacquer?  p rovided  th e  sm all cathode a re a /p o lish e d  a re a  r a t i o  was app rox im ate ly  
2 :3 . To produce th in  f o i l s  from sh e e ts  0*5 mm and 0 .2  mm th ic k  re q u ire d  th e  
p o lish e d  a re as  to  be 1 2 .5  mm and 5*0 mm d iam eter d is c s  r e s p e c t iv e ly .
P o lish in g  was co n tin u ed  u n t i l  p e r fo ra t io n  o f  th e  sh ee t o c cu rred .
Table A.1
S o lu tio n C onditions Remarks R eference
1 7050 HI'TO^  
30# HP
Chemical P o lish  .* Pure tita n iu m .
Hot a p p lic a b le  to  
a l lo y s  due to  
p r e f e r e n t ia l  a t ta c k  
a t  g ra in  boundaries 
e tc .  and hydrogen 
p ick -up
135
<2 5/i p e rc h lo r ic  a c id  
95/o a c e t ic  anhydride
'Window1 technique 
30-40V a t  -10  to  
-20° C
E le c t r o ly te  s t i r r e d  
v ig o ro u s ly
Pure t i ta n iu m  
S o lu tio n  p o te n tia l ly  
dangerous 68
3 D isa -E lec tro p o 1 
S o lu tio n  A-3
D isapol techn ique  
45V
T ij Ti-Al-Mn? 
Ti-A l-V
F o il  l i k e ly  to  be 
damaged
66
•.4
*
5# p e rc h lo r ic  a c id  
95# a c e t ic  a c id
P .T .F .E . ho ld er 
50V E le c tro ly te  
s t i r r e d  v ig o ro u s ly  
and cooled w ith  
l iq u id  n itro g en  
ju s t  b e fo re  
p e r fo ra t io n
Ti-Al-Mn and o th e r 
a l lo y s  P o lish in g  ma;y 
occur under an oxide 
la y e r .
E p i ta x ia l  oxide 
d i f f i c u l t  to  remove
68
5 5/i p e rc h lo r ic  a c id  
95# a c e t ic  anhydride
1Window* techn ique . 
40V 0.1 A/cm2 .
-2 0  to  0 C
Quenched pure* 
t ita n iu m 109
6 30 cc p e rc h lo r ic  acid  
295 cc m ethanol 
175 cc n -b u tan o l
S o lu tio n  cooled 15Y Ti-8Al-2Mo-1V 
E le c tro p o lish in g  
tech n iq u e  not 
d e sc rib ed
105a
7 6 0  cc P e rc h lo r ic  
ac id  (70#)
590 cc Methancd..
350 cc 2-Butoxy e th an o l 
(B utyl C ello so lv e )
30V 0.8A/cm2 
0°C to  - 30° C
P re se n t
work
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ELECTROLYTE i n
VE
FIG.A.I.I.SCHEMATIC DIAGRAM 
OF ELECTROPOLISHING CELL
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S a t is f a c to r y  f o i l s  were produced using  s o lu tio n s  6 and 7, Table A.1 
For s o lu t io n  6 a slow  ra te  o f 1200 ml/rain through, j e t s  o f 4 mra d iam eter was
adopted and p o lish in g  occurred  under p o te n t ia ls  v a ry ing  from 15V to  50V,
o 2which a t  -20  C gave c u rre n t d e n s i t ie s  from 0 .2  t o '0 .7 5  A/cm re s p e c t iv e ly .
As re p o rte d  f o r  o th e r  s o lu tio n s  ,, th e  c u rre n t d e n s ity  was s e n s i t iv e  to  th e
tem peratu re  o f th e  e le c t r o ly te ,  ty p ic a l  v a lu es  "being 0 .25  A/cm^ a t  -30°C
and 0 .7  a /c h ? a t  0°C fo r  th e  normal o p e ra tin g  v o lta g e  o f 30V. The r a t e  o f
m eta l removal .at 30V and below 0°C was from 0.025 to  0 .050 mm/min.
P o lish in g  c o n d itio n s  could not be r e - e s ta b l is h e d  i f  th e  c u rre n t was
sw itched  o f f  a f t e r  p e r fo ra t io n  o f  th e  s h e e t ,  s in c e  e tch in g  and oxide forma-.
. t i o n  o ccu rred . However, i f  th e  f o i l  edge was lacquered  p o lish in g  could be
continued  to  produce fu r th e r  th in  a re a s .
A .1.3 R esu lts
Areas g r e a te r  th a n  50 Jim x 50p.m may be ob ta ined  un ifo rm ly  th in  and
f r e e  from h y d rid e  o r oxide co n tam ination . F u r th e r  th in n in g  in  a chem ical
p o lish in g  s o lu tio n  (Ho .1. Table A .1) kept a t  le s s  th a n  0°C produced equiaxed
tita n iu m  hy d rid e  p r e c ip i ta te s  ( f ig .A .1 . 2 ) va ry in g  in  s iz e  f ro m 's'400  2  to
5000 2 . S im ila r h y d ride  p r e c ip i ta te s  were d e te c te d  a f t e r  chem ical p o lish in g
.in  o th e r s o lu t io n s .  These equiaxed p a r t i c l e s  p re c ip i ta te d  a t  th e  f r e e
su rfa c e s  on tw in  boundaries and d is lo c a tio n s ..  When th in  f o i l s  were h eated
in  th e  e le c tro n  beam, th e  r e s id u a l  p re ssu re  o f hydrogen was s u f f i c i e n t  to
cause hydrogen a b so rp tio n . During subsequent c o o lin g , a c ic u la r  t i ta n iu m
h y d rid e  was p re c ip i ta te d  w ith in  th e  f o i l  th ic k n e ss  (A in  F ig .A .1 .3 a ) .  A
131s im ila r  e f f e c t  has been re p o rte d  in  zirconium  f o i l s  . These p r e c ip i ta te s
* "j 05^a re  id e n t ic a l  to  th o se  found in  th e  a phase in  ti ta n iu m  a llo y s  a f t e r
chem ical p o lish in g  above room tem p era tu re , where th e  hydrogen co n ten t was 
found to  have in c re ase d  from. ^ 5 0  to  400 ppm. The a c ic u la r  h y d rid e  p re ­
c ip i t a t e s  could be confused w ith  m a rte n s i te  p la te s  in  complex t i ta n iu m  
a llo y s  and i t  i s ,  th e re fo re ,  im portan t to  avoid  hydrogen co n tam in atio n  in  
t h in  f o i l s  o f th e se  m a te r ia ls .  F u r th e r  beam h e a tin g  may remove th e  h y d rid e , 
b u t th e  d is lo c a tio n s  n u c lea ted  by th e  hyd ride  rem ained ( f ig .A .1 .3 b ) .
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Fig.Ao
FigoA.'
4
02 H ydride p r e c ip i ta te s  in  t ita n iu m  a f t e r  chem ical 
p o lis h in g . F in e  p r e c ip i ta te s  in  th e  p a ren t and 
coarse  p r e c ip i ta te s  on th e  su rfa c e  o f  a 121] 
tw in  boundary.
x 40,000
•3 (a ) Large hydride  need le  in  tita n iu m  produced 
d u rin g  cooling a f t e r  e le c tro n  beam h e a tin g .
Long b a sa l p lane d is lo c a t io n s  accommodating 
need le  a t  A0 D is lo ca tio n s  a t  B a r i s e  from 
clim b o f s l i p  d is lo c a t io n s  during  beam 
h e a tin g .
x 25,000
F ig .A .1 .3 (b )  As (a) a f t e r  re h e a tin g  to  remove h y d rid e .
Hote r e s id u a l  b a sa l  d is lo c a tio n s  a t  A.
25,000
cf
F ig .  A .1 .2
F ig .A .1 .3 (b )
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Appendix 2 
I d e n t i f i c a t io n  o f Twin Spots in  E lec tro n  
D if f ra c t io n  P a t te rn s  From H0C0P. M etals
E x tra  sp o ts  a re  produced in  e le c tro n  d i f f r a c t io n  p a t te rn s  when tv/ins 
11a re  p re sen t . . These r e f le c t io n s  may "be c lo se  to  m a trix  r e f le c t io n s  and 
care  must be tak en  to  d is tin g u ish , between them 5 . E le c tro n  d i f f r a c t io n
p a t te rn s  f o r  tw in n e d -c ry s ta ls  can he derived  a n a ly tic a lly * ^ *  ^ ?260-264^
S his method has heen d esc rib ed  f o r  th e  case o f tw ins in  cub ic  and h .c .p .  
s t r u c tu r e s .  However in  p ra c t ic e  i t  i s  o fte n  ex trem ely  te d io u s  to  analyse  
d i f f r a c t io n  p a t te rn s  from tw inned h .c .p .  m eta ls  when s e v e ra l tv /inning  modes 
a re  p re s e n t . A sim ple s te re o g ra p h ic  p ro je c t io n  techn ique i s  d e s c r ib e d .fo r  
p re d ic tin g  th e  p o s i t io n  o f tw in  sp o ts  in  h .c .p .  m e ta ls . '
The th re e  im portan t tw inning  modes i n  h .c .p . ,  m eta ls  a re  c o n sid e red , 
namely £1012], £1121] and £1122]. D if f ra c t io n  p a tte rn s  a re  c o n s tru c te d  fo r  
th e  case o f tw ins ly in g  in  a su rfa c e  p a r a l l e l  to  th e  b a sa l p lan e  and normal 
to  th e  e le c tro n  beam. S p ec ia l o r ie n ta t io n s  a re  defin ed  in  which tw in  and 
p a re n t r e f le c t io n s  a re  r e la te d  by sim ple r o ta t io n  about a s in g le  a x i s .  The 
method allow s th e  i d e n t i f i c a t io n  o f tw in  sp o ts  from any tw in  ly in g  i n  a f o i l  
o f  any o r ie n ta t io n .
A .2.1 C ry s ta llo g rap h y  of Twinning
A (0001) s te re o g ra p h ic  p ro je c t io n  i s  shown in  f ig .A .2.1 fo r  t i ta n iu m .
The p o les  and t r a c e s  o f K  ^ p lan es  fo r  th e  th re e  ty p es  o f tw in  a re  shown.
The tw inn ing  elem ents a re  l i s t e d  In  Table IV , Chapter 1, and shown on 
s tan d a rd  p ro je c t io n s  i n  f i g s . 12, Chapter 1, A .2 .2 , A .2 .3 . The shape changes 
a s so c ia te d  w ith  tv /inning on* th e se  p lanes a re  i l l u s t r a t e d  by s e c t io n s  p a r a l l e l  
to  th e  p lane  o f s h e a r . In  Chapter 1, IV.
The g re a t c i r c l e s  corresponding  to  th e  r\  ^ zones a re  in  th e  same 
p o s i t io n  i n  th e  p ro je c tio n s  fo r  b o th  tw in  and p a re n t whereas th e  r\^ ^ones 
i n  th e  p a re n t move to  r\^ ini th e  tw in . Hole th e  la rg e  d isp lacem en t o f  rj^ 
i n  f ig .A .2 .2  due to  th e  la rg e  tw inn ing  sh ea r a ss o c ia te d  w ith  tw inn ing  on 
£1121]. The d e te rm in a tio n  o f In d ic e s  o f p lan es  and d ire c t io n s  a f t e r  
tw inn ing  i s  a ls o  d iscu ssed  in  C hapter 1, IV.
A .2 .2  G eneral Case
The c o n s tru c tio n  and index ing  -of a r e c ip ro c a l  l a t t i c e  f o r  h .c .p .m e ta ls  
and i t s - u s e  in  Indexing  e le c tro n  d i f f r a c t io n  p a t te rn s  i s  w ell documented 
C hapter 1, VI and re fe re n c e s ' 13 ,15?20 ,265 . The r e f l e c t in g  p lan es  l i e  in  a
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Also shewn a r e  K , K , K 1 ( a f t e r  tw inn ing )  . rjp, h 9 l ( a f t e r  tw inn ing )  and
th e  zones f o r  the  l a s t  t h r e e  axes# + p a r e n t  po le s  . tw in  p o le s  
-f- c o i n c id e n t  p a r e n t  and tw in  p o l e s .
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zone, th e  ax is  a t  which i s  p a r a l l e l  to  th e  e le c tro n  beam. The s te r e o ­
g ra p h ic  techn ique  f o r  determ in ing  tw in  r e f le c t io n s  re q u ire s  th e  c o n stru c ­
t io n  o f a s tan d a rd  (0001) p ro je c t io n  and a lso  p ro je c tio n s  showing th e  
p o le s  a f t e r  tw inn ing  on one tw in  p lan e  in  each o f th e  th re e  tw in  modes, 
as' d esc rib ed  in  C hapter 1, IV .2 .
I t  w i l l  he assumed f o r  th e  moment th a t  a 'th in  f o i l  i s  normal to  th e  
e le c tro n  beam and co n ta in s  an unknown tw in . The o r ie n ta t io n  o f th e  
p a re n t f o i l  s u r fa c e  must be determ ined , and i s  drawn as a g re a t c i r c l e  
th ro u g h  th e  p o le s  o f th e  r e f l e c t i n g  p lanes in  a (0001) p ro je c t io n .  A 
coheren t tw in  b o u n d ary 'p lan e , w i l l  in t e r s e c t  th e  f o i l  s u rfa c e  along  a 
c e r ta in  d i r e c t io n ,  th e  tw in  boundary t r a c e .  The po le  o f  w i l l  be some­
where on th e  g re a t c i r c l e  p a ss in g  th rough  b o th  th e  f o i l  normal and th e  
normal to  th e  tv/in  boundary t r a c e  in  th e  f o i l  s u r fa c e . T h is g re a t  c i r c l e  
i s  drawn on th e  same (0001) p ro je c t io n .
P o s s ib le  r e f le c t io n s  from any tw in  can be determ ined by su p e r­
im posing th e  a p p ro p r ia te  tw in  po le  p ro je c t io n  ypon th e  (0001) p ro je c t io n ,  
so th a t  th e  t r a c e  o f th e  po le  o f  passes through, th e  tw in  po le  in  a tw in 
p ro je c t io n . hue to  th e  sp ik e s  or re lro d s  in  r e c ip ro c a l  sp ace , d i f f r a c t io n  
i s  p o s s ib le  when p lan es  d e v ia te  a p p re c ia b ly  from th e  exac t Bragg r e f l e c t in g  
p o s i t i o n ^  >733260,261, 266 , 267  ^ Thus tw in  r e f le c t io n s  a re  in d ic a te d  by th e
low index  tw in  p o le s  n e a re s t to  t h a t  g re a t  c i r c l e  co rresponding  to  th e  
p a re n t o r ie n ta t io n .
A .2 .3  P aren t S u rface  O riented  P a r a l l e l  to  B asal P lane
When th e  e le c tro n  beam i s  p a r a l l e l  to  [OOOl]^, th e  m a tr ix  d i f f r a c t i o n  
p a t te r n  c o n s is ts  o f  r e f le c t io n s  from p lanes whose p o les l i e  in  th e  g re a t  
c i r c l e  corresponding  to  th e  (0001) p lane  o f  p ro je c t io n .  To de term in e  th e  
p o s s ib le  r e f le c t io n s  from a {1012 ] tw in , th e  (1012) tw in  p o le  p ro je c t io n  
i s  superim posed onto th e  (0001) s tan d a rd  p ro je c t io n , so th a t  th e  re s p e c t iv e  
tw in  po les  a re  co in c id en t f i g s .  12 (C hapter l )  A.,2 .2 , A.2.3* The tw in  
p o le s  which l i e  n e a re s t th e  p a ren t b a sa l p lane  g re a t c i r c l e  a re  p o s s ib le  
r e f le c t in g  p lan es  in  th e  tw in . The n e a re s t  r a t io n a l  p lane  in  th e  {1012 } 
tw in  i s  [T 010jj tw inned c r y s ta l  w i l l  th e re fo re  g iv e  r i s e  to  th e  d i f f r a c t i o n  
p a t te r n  shown in  f i g .1 . l 8 a .  Tbe r e la t i v e  p o s i t io n  o f th e  tw in  sp o ts  can be 
determ ined from th e  stereogram .
By superim posing each tv/in  p o le  p ro je c t io n  in  tu rn  upon thesam e 
s tan d a rd  p ro je c t io n , ,  e .g .  as i n  f ig s .A .2 .2  and A .2 .3 ,p o s s ib le  r e f l e c t io n s  
can be p re d ic te d  fo r  any tw in . I t  i s  c le a r  t h a t  a lth o u g h  {1121} and J 1122] tv/ins
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■may g iv e  r i s e  to  p a r a l l e l  tw in  'boundary t r a c e s  in  a "basal p lane  su rfa c e
( f ig .A .2 ,1 ) ,  th ey  can he r e a d i ly  d is tin g u ish e d  hy comparing t h e i r  d i f f r a c t io n
p a t te rn s  ( f i g s . 1 <,18 b -c )
C onfirm ation o f  th e  t i n  p lane  can he o b ta in ed  hy m easuring th e  p ro je c te d
w idths of th e  tw in  boundary in  th e  f o i l  p la n e . ‘
The s t r u c tu r e  f a c to r  becomes zero  and th e re  i s  no d i f f r a c te d  beam when
(h 4* 2k) = 3M and & = 2IT + 1 , where h , k  and 4  a re  M ille r  B ravais  in d ic e s
and M and 11 a re  in te g e r s .  However th i s  c o n d itio n  i s  f r e q u e n tly  re la x ed  in
h .c .p .  s t ru c tu re s  because double d i f f r a c t io n  o c c u r s ^  9^ a . Forbidden
r e f le c t io n s  which can a r i s e  by double d i f f r a c t io n  a re  in d ic a te d  in  f i g .  1 7 ,
Chapter 1. •
A .2 .4  S p ec ia l Cases
# These a r i s e  when th e  tw in  boundary (Xj p la n e ) i s  e i th e r  p a r a l l e l  o r
normal to  th e  f o i l  s u r fa c e .
For a l l  tw in s , when i s  p a r a l l e l  to  th e  e le c tro n  beam (Xj p a r a l l e l  to
th e  beam) a l l  tw in  sp o ts  a re  co in c id en t w ith  m a trix  sp o ts  and on ly  one p a t te r n
i s  ob ta ined  ( f ig s .  12, Chapter 1, A .2 .2 , A .2 .3 ) . C oincident sp o ts  f o r  th e
th re e  tv/in  system s a re  g iven  in  Table V, C hapter 1.
Y/hen th e  e le c tro n  beam i s  p a r a l l e l  to  o th e r  d ire c t io n s  in  Xj , th e  tw in
sp o ts  can be o b ta in ed  by r o ta t io n  of th e  p a re n t p a t te rn  180° about an ax is
normal to  th e  tw in  boundary to  produce a m irro r image o f th e  p a re n t p a t te r n
a c ro ss  th e  -tv/in boundary. This i s  shown in  f ig .A .2 .4  f o r  a beam p a r a l l e l  to
[11*00] and fo r  r e f le c t io n s  from two d i f f e r e n t  tw in  modes belong ing  to  th e
[11*00] zone. The tv/ins g iv e  r i s e  to  id e n t ic a l  p a t te rn s  and can on ly  be
d is tin g u ish e d  by th e  d if fe re n c e  in  ang le  betw een th e  tw in  ana p a re n t p a t te rn s
in  each  case . A s im ila r  s i tu a t io n  e x is ts  when th e  beam i s  normal to  th e
p lan e  o f sh ea r o f  two r e c ip ro c a l  [1012] tw in s .
Y/hen i s  normal to  th e  e le c tro n  beam .and f o r  sm all tw inn ing  sh ea rs  i . e .
[10?2 ], [1122] tw in s , th e  tw in  and paren t d i f f r a c t io n  p a t te rn s  a re  s im i la r ,
1s in c e  th ey  a re  composed of r e f le c t io n s  from a n d z o n e s .  However th e  
tw in  sp o ts  w i l l  b e .d isp la c e d  s l i g h t l y  from th e  p a ren t s p o ts .
A .2 .5  I d e n t i f i c a t io n  o f Unknown Twin in  Titanium
A d i f f r a c t io n  p a t te r n  from a ti ta n iu m  f o i l . co n ta in in g  an unknown tv/in  
i s  shown in  f ig .A .2 .5a. The p a re n t p a t te r n  ( f ig .A .2 .5b) was indexed and 
p ro je c te d  as a g re a t  c i r c l e  in  f ig .A .2 .6 . The g re a t  c i r c l e  correspond ing  
to  th e  t r a c e  , o f th e  po le  o f  Xj i s  a lso  shown. This g re a t c i r c l e  in d ic a te s
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two re c ip ro c a l  tw in s , ( 10T 2 ) and ( T 0 1 2 ) ,  would g iv e  r i s e  to  th e  observed
tv/in  boundary t r a c e .  By superim posing th e  ( 10T2 )  tw in  po le  p ro je c t io n
w i t h  i t s  t w i n  p o l e  o n  e i t h e r  1 0 1 2  o r  T 0 1 2  i n  f i g . 2 . 5  i t  w a s  f o u n d  t h a t  t h e
(1012) tw in  p o le s  agreed w ith  th e  d i f f r a c t io n  p a t te r n  o b ta ined  in  f ig .A .2 .5a.
The a n a ly s is  o f th e  d i f f r a c t io n  p a t te r n  was com pleted.-in term s o f a (10?2)
*
tw in , as shown in  fig .A « 2 .5 c . Bote th e  e x tra  'r e f le c t io n s  produced by double 
d i f f r a c t io n .
A n o t h e r  e x a m p l e  i s  shown i n  f i g . A . 2 . 7 *  "The p a r e n t  g r e a t  c i r c l e  i s  
s h o w n  i n  f i g . A . 2 . 8  t o g e t h e r  w i t h  t h e  t r a c e  o f  t h e  t w i n  b o u n d a r y  n o r m a l .
Again two tw ins could produce th e  tw in  boundary . t r a c e ,  b u t on ly  th e  (0112) 
tv d n  produces r e f l e c t io n s 'c o n s i s t e n t  w ith  th e  p a t te r n  in « fig .A .2 » 7 a and the  
indexed p a t te rn  i s  g iven  i n  f ig .A .2 .7 b . It- can be sepn in  f ig .A .2 .8  th a t  
th e  p o le s  do not a l l  l i e  on th e  same g re a t c i r c l e  a lthough  th e i r  p lan es  g iv e  
r i s e  to  d i f f r a c te d  beams. R ec ip ro ca l l a t t i c e  sp ik e s  a re  re sp o n s ib le  fo r  ’ 
t h i s  e f f e c t .  C onsequently tv d n  and p a ren t r e f le c t io n s  f r e q u e n tly  occur 
to g e th e r ,  a lthough  r a t io n a l  zone axes a re  seldom c o in c id en t i n  tw in  and 
p a ren t and th e  p lan es  a re  not a t  th e  exact Bragg r e f le c t in g  p o s i t io n .  Bote
th e  {1121J fo rb id d en  r e f le c t io n s  i n  f ig .A .2 . .7 produced by tw o 'a llow ed  
r e f le c t io n s  i . e .  0110 -5- 1101 = 1211.
A. 2 0 6  Summary
The s te re o g ra p h ic  techn ique  fo r  de term in ing  tw in  sp o ts  i n  d i f f r a c t i o n  
p a t te rn s  i s  a p p lic a b le  to  any tw in  mode in  a f o i l  o f  any o r ie n ta t io n .  A 
p ro je c t io n  o f th e  p o le s  a f t e r  tw inn ing  in  each mode i s  re q u ire d , to g e th e r  
w ith  a s tan d a rd  b a sa l p lane p ro je c t io n .
The techn ique  i s  p a r t i c u la r ly  u s e fu l in  k .c .p .  m eta ls  where th e  m a jo rity  
o f low index  p lan es  become i r r a t i o n a l . a f t e r  tw inning  and s e v e ra l  tw in  modes 
may occur to g e th e r .  The tech n iq u e  i s  a lso  ra p id  and can a llow  fo r  d e v ia tio n s  
from 5 th e  ex ac t Bragg r e f le c t in g  p o s i t io n .
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S t e r e o g r a p h i c  p r o j e c t i o n  o f  p a r e n t  d i f f r a c t i o n  p a t t e r n  a n d  t r a c e  o f  twin  
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(a) Diffraction pattern from twinned titanium.
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Projection of parent diffraction pattern and trace of twin boundary normal (from f i g . A . 2 . 7a 
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